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SUMMARY OF THE THESIR 
Diffuse axonal injury is one of the most common c a u s e s of diffuse 
type , primary brain d a m a g e in non-missile head injury c a s e s and it occurs 
at t he t ime of impact . It is character ised by di f fuse d a m a g e to axons and 
by haemorrhagic lesions in the corpus callosum, in the superior cerebellar 
pedunc les and in the rostral brain s t em. Histologically, the a f fec ted regions 
s h o w the p re sence of axonal retraction balls, microglial s tars and long t ract 
degenera t ion , 
Although d i f fuse axonal injury is a well established entity, its 
pathological spec t rum has not yet been fully explored. Most of the 
pathological s tudies carried out so far were retrospect ive. In this s tudy a 
planned au topsy investigation w a s carried out on 22 di f fuse axonal injury 
c a s e s with s tandardized comprehens ive sampling of the brains and by using 
several staining me thods . Detailed histories were taken for the correlation 
of the pathological findings with the clinical findings • Macroscopic findings 
of the brains were noted . 
For each sect ion, axonal damage and myelin degenerat ion were 
a s s e s s e d by the counting of axonal retraction balls and of degenera ted 
myelin globules respectively. Macroscopic and microscopic findings were 
correlated with clinical findings in Illustrated ca ses . The merits of Adam's 
(1989) grading sys t em of di f fuse axonal injury w a s a s se s sed , as a 
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classif ication per se and as an indicator for the ou tcome . 
Axonal retraction balls were found in high concentra t ion in the 
co rpus cal losum, internal capsule and in the superior cerebellar peduncles . 
In s o m e c a s e s no axonal d a m a g e w a s found either in the corpus callosum 
or in the superior cerebellar peduncles , contrary to expec ta t ions . In some 
c a s e s axonal d a m a g e occurred only focally, highlighting the importance of 
microscopic examinat ion and the need for thorough sampling of the brain. 
In t he previous s tudies , internal capsule w a s not considered as an important 
site for t he occur rence of axonal d a m a g e but this s tudy showed its 
impor tance in the diagnosis of d i f fuse axonal injury. 
Four different staining methods , including the rarely used 
immunohis tochemical s ta ins were used in addition to routine hematoxylin 
and eosin stain and their eff icacies were compared . Anti-neurofilament 
immunohis tochemis t ry stain w a s found to be significantly superior to the 
Glees and Marsland silver stain in the detect ion of axonal retraction balls. 
There w a s no significant dif ference be tween the t w o myelin s tains . The 
occur rence of myelin d a m a g e which w a s little described in previous s tudies 
w a s not a cons i s ten t finding in this s tudy. 
There w a s some difficulty in applying Adam' s grading sys tem • A 
significant pe rcen tage of c a s e s could not be classified into the 3 defined 
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Chapter 1 
HEAD INJURY : an overview 
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I. CLINICAL ASPECTS OF HEAD INJURY :-
Head injuries are a common c a u s e of dea th in many countr ies . 
The s ta t is t ics vary f rom place to place. In the United S ta te s abou t 5 0 % of 
t r auma assoc ia ted d e a t h s are caused by head injuries. Fortunately, most 
of t he minor head injury c a s e s make uneventful recovery but for the others , 
head injury c a u s e s irreversible damage , somet imes leading to permenant 
disability. 
The head injury stat is t ics for Hong Kong for the year 1990 , 
released by the Medical and Health Depar tment , are as follows :-
In pat ients Out pat ients 
Fracture of f a c e 
and skull 9 6 8 27 
Concuss ion 1 4 1 4 1 
Intracranial injury 1 1 5 0 3 681 
Road traff ic acc iden ts 5 9 3 3 3 2 7 
These s tat is t ics s h o w that head injury is very common in Hong 
Kong and many pat ients needed hospital care. 
The stat is t ics for ou tcome are not available. 
Basically, there are two types of head injury : non-missile or 
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blunt injury and missile head injury. The precise incidence of head injury is 
difficult to define. Many studies have been carried out during this century 
in various clinico-pathological studies to define the incidence and outcome 
of head injury. Accord ing to Jennett and Frankowski (1 990), non-missile, 
head injuries account for one quarter to one third of all deaths from trauma. 
Each year in Britain 9 deaths occur due to non-missile head injury per 
1,000,000 population and about half of them occur due to road traffic 
accidents (Jennett & Teasdale, 1981 ). In a study carried out on severe non-
missile head injury cases in the United Kingdom, United States and Holland 
(Jennett et al 1977), it was found that 1-5 % of cases remain in vegetative 
state, with 5-18 % of them severely disabled 6 months after the injury. In 
the U.K. 1 family in 300 has a member with such disabilities (Adams, 
1992) . 
Research work on head injury has been facilitated by the 
establishment of data bases in some centres, where all information 
regarding head injury cases are stored. Glasgow Data Base, which was 
established at the Institute of Neurological Sciences, in Glasgow, is an 
example of such a centre. 
The data published by this centre on a consecutive series of 
635 fatal non-missile head injury cases, based on autopsy finding at the 
Institute of Neurological Sciences, Glasgow, were as follows. (Adams and 
Graham, 1988). 
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S e x 4 9 7 M ( 7 8 % ) / 1 3 8 F ( 2 2 % ) 
Type of injury 
Road traff ic acc iden ts 3 3 5 ( 5 3 % ) 
Falls 2 2 2 ( 3 5 % ) 
Assaul t s 31 (5%) 
Others 47 (7%) 
Incidence of f rac ture of skull 7 5 % 
Sur face con tus ions 9 4 % 
Mild 6 % 
Modera te 7 8 % 
Severe 1 0 % 
Gliding con tus ions 3 1 % 
Intracranial h a e m a t o m a 6 0 % 
Extradural 1 0 % 
Subdural 1 8 % 
Intracerebral 1 6 % 
Burst lobe 2 3 % 
Diffuse axonal injury 2 8 % 
Brain s t em haemorrhage secondary 
to raised intracranial pressure 5 3 % 
Hypoxic brain d a m a g e 5 5 % 
Brain swelling 1 9 % 
(bilateral) 
Intracranial infection 4 % 
5 
Acute subdural haema toma is associa ted with poor ou tcome 
of t he pat ient while extradural haema toma is assoc ia ted with a better 
prognos is (Gennarelli et a\, 1 9 8 2 b). Diffuse axonal injury is the most 
c o m m o n c a u s e of prolonged vegeta t ive s t a t e in head injury pat ients (Strich, 
1956) . 
Missle head injuries are caused by various t ypes of f irearms, 
o f t en enter ing the skull causing brain d a m a g e . This type of head injury is 
not c a u s e d by rotational type injury to the brain. The d a m a g e to brain 
d e p e n d s on the mass , velocity and shape of the missile. 
Missile head injuries carry poor prognosis . In Freytag 's 
se r i es (1963) of 2 5 4 c a s e s only 10 pat ients survived more than 7 days . In 
con t ras t , many of the pat ients with non-missile head injuries make 
unevent fu l recovery but s o m e remain in a vegeta t ive s t a te or many even 
die. 
II. CLASSIFICATION OF BRAIN DAMAGE 
In the pas t brain damage w a s classified into primary or 
immediate brain d a m a g e which occurs due to the impact and secondary 
brain d a m a g e which occurs as a complication of the original injury. Most 
neu rosu rgeons and neuroradiologists now classify head injury as focal and 
d i f fuse . (Gennarelli et al, 1982; Gennarelli, 1983; Adams, Graham and 
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Gennarelli, 1 9 8 3 ; Adams and Graham, 1984 ; Adams, 1990) . 
Focal brain d a m a g e includes contusion on the su r face of the 
brain, intracranial h a e m a t o m a and haemorrhage and infarction of the brain 
s t e m produced by intracranial expanding lesions. 
It w a s sugges t ed tha t there were four types of d i f fuse brain 
d a m a g e namely; d i f fuse axorial injury, d i f fuse brain swelling, hypoxic brain 
d a m a g e and d i f fuse vascular injury (Adams, 1992) . However , there have 
been very f e w s tudies on the pathological lesions tha t make up wha t 
neu rosu rgeons and neuroradiologists called d i f fuse brain injury. 
III. FOCAL LESIONS IN NON-IVIISSILE HEAD INJURY : 
1 • Cerebral contusions -
Contus ions are commonly associa ted with non missile head injuries. 
In a cerebral contus ion the pia-arachnoid is intact, while in laceration pia-
arachnoid is torn. In a head injury the contus ions occur of ten in the frontal 
poles, at the orbital su r f aces of the frontal lobes, at the lateral and inferior 
s u r f a c e s of the temporal lobes and in the cerebral cortex above and below 
the Sylvian f issure . They occur rarely in the cerebellum if there is a f rac ture 
in tha t region (Adams, 1992) . 
Contus ions generally occur at the c res ts of gyri and some are not 
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visible on externa l examina t ion of t he brain. S o m e c o n t u s i o n s ex tend into 
t h e d e e p wh i t e ma t t e r . In early s t a g e s of con tus ion s t r eaks of haemor rhage 
o c c u r perpendicu la r to t he s u r f a c e of t he brain. T h e s e may later b e c o m e 
e x t e n s i v e and ex t end into t h e a d j a c e n t whi te mat te r . 
C o n t u s i o n s have classically been classified into c o u p con tus ions , 
c o n t r a - c o u p c o n t u s i o n s , herniation con tu s ions and gliding con tus ions . 
Gliding c o n t u s i o n s w e r e first descr ibed by Lindenberg and Freytag (1960) 
to desc r ibe focal h a e m o r r h a g e s in t h e whi te mat te r of t he dorsal paramedial 
port ion of t h e cerebral hemisphe re . They w e r e charac te r i sed by a well 
def ined h a e m a t o m a o f t en ex tend ing into the deepe r layers of the cerebral 
co r t ex . They believed t h a t this w a s c a u s e d by undue s t re tch ing of 
parasaggi ta l bridging ve ins . A d a m s et al (1986} s tudied the p a t h o g e n e s i s 
and t h e s ign i f icance of gliding con tu s ions and s h o w e d tha t t hey are 
particularly a s s o c i a t e d with road t raff ic acc iden t s in the a b s e n c e of skull 
f r a c t u r e or lucid interval. They s u g g e s t e d t h e s e occurred in t he p re sence 
of d i f fu se axonal injury and d e e p sea t ed intracerebral h a e m a t o m a . They 
conc luded t ha t gliding con tu s ions w e r e a primary type of brain d a m a g e 
occurr ing more f requen t ly in road t raff ic acc iden t s than in falls, c aused by 
acce le ra t ion / decelera t ion shea r and tensile s t r e s s of bridging veins . 
In t h e pas t , on t he examinat ion of brain a f te r head injury, the 
e x t e n t of c o n t u s i o n s w a s descr ibed by the general impression only. The 
a rea and t h e dep th of t he con tus ions we re not take门 into a c c o u n t . The 
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sever i ty of t he con tus ions a s s e s s e d by different pathologis ts varied 
considerably b e c a u s e there were no guidelines for a s s e s s m e n t . Attempting 
to quant i fy t he ex ten t of contus ions , Adams et al (1980 , 1985) introduced 
t h e c o n c e p t of "contus ion index". 
In their 1 9 8 0 s tudy for quantification of the contus ion , Adams 
et al divided the depth of the con tus ions into 3 grades . In 1 9 8 5 they 
modified the s a m e sys t em and added one more grade. The ex ten t of the 
contus ion w a s divided into 3 groups according to the area involved. The 
points given the gradings we re as fol lows. 
Depth of t he contus ion 
1. Contusion limited to the partial th ickness of the cor tex. 
2. Contusion involving the full th ickness of the cor tex. 
3 . Contusion extending in the digitate white mat ter . 
4 . Contusion extending to deep white mat ter . 
Extent of the contus ion :-
1. Contusion localised to 1 or 2 ad jacen t gyri. 
2. Moderately extens ive contusion, involving greater part of one 
su r face of a lobe. 
3. Extensive contus ion, involving more than one su r face of a 
lobe. 
The contusion index for each contusion w a s calculated by 
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multiplying t he points scored for the ex ten t by tha t for the dep th . The total 
con tus ion index is the sum of contus ion indices for individual parts of the 
brain. 
A d a m s et al (1985) believed tha t there w a s no associat ion 
b e t w e e n the severi ty of contus ion and the type of injury and they 
encoun te red 2 7 fatal head injury c a s e s wi thout con tus ions . The contus ions 
w e r e more seve re in pat ients with assoc ia ted skull f rac tu res than in pat ients 
wi thou t skull f rac ture . The contus ion index w a s lower in pat ients with DAI 
than in pat ients wi thout DAI. It w a s found to be higher in pat ients w h o did 
not exper ienced a lucid interval than in pat ients w h o had a lucid interval. 
Contus ions index is a useful measure for the a s s e s s m e n t of 
sever i ty . It is used in many s tudies for the correlation of the clinical 
f indings with severi ty and the ou t come of the patient (Adams et al 1980 , 
1 9 8 5 ; Adams , 1992 ; Sahuquillo-Barris et al, 1988 , 1989 ; Blumbergs, 
1989) . 
2. Intracranial Haemorrhage : 
This is the c o m m o n e s t complication of non-missile head injury. 
In Glasgow Data Base, 5 5 % of the c a s e s had this complication. It is 
a s soc ia ted with rapid clinical deterioration and death (Reilly et al, 1975; 
Rockswold et al, 1987 ; Bullock and Teasdale , 1990) . In the management 
of head injury early detect ion of intracranial haematoma is imperative. They 
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are o f t en assoc ia ted with skull f rac tu res . Teasdale and Galbraith (1991) 
s h o w e d tha t , intracranial h a e m a t o m a s of ten formed in head injury pat ients 
even before deterioration of conc iousnes s developed and might have 
occurred even in pa t ients w h o were not su spec t ed to have intracerebral 
haemor rhage . Intracranial haemor rhages are classified into extradural 
(epidural), subdural , subarachnoid and intraventricular haemorrhage . 
a. Extradural haematoma 
The incidence of extradural haema toma varies in different 
au topsy s tudies , 2 % in Lindenberg (1971) , 5 % in Maloney and 
W h a t m o r e ( 1 9 6 9 ) , and 1 5 % in Freytag (1963) . In a majority of c a s e s it is 
a ssoc ia ted with skull f rac ture but it can also occur in children without a 
f rac tu re . The haemor rhage occurs due to the laceration of meningeal blood 
ves se l s and a h a e m a t o m a is formed be tween the skull and the dura. 
Parasaggital area of the t emporopa r i e t a l region is the c o m m o n e s t location 
of this type of haema toma and the source of bleeding is f rom the middle 
meningeal ar tery. Only about 2 0 % of t hese h a e m a t o m a s occur outside the 
temporal f o s sa (Mckissock, 1960) . 
As the h a e m a t o m a enlarges, it c a u s e s pressure symptoms on the 
brain. The initial injury may be mild, so the patient may experience a lucid 
interval. 
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b. Subdural haematoma 
Subdural h a e m a t o m a is found in abou t 1 8 % of the c a s e s of 
fatal head injury in the Glasgow d a t a b a s e . They are caused by the rupture 
of cortical ar ter ies or veins . They arise f rom tearing of bridging veins tha t 
t r ave r se t h e subdura l s p a c e (Gennare丨li et al, 1 9 8 2 a , 1982b) . It is t he most 
impor tant c a u s e for intracranial m a s s lesion necess i ta t ing surgical 
evacua t ion in head injuries. As the h a e m a t o m a e x p a n d s , shift of the 
midline s t ruc tu res , internal herniation and compress ion of the brain s t em 
occur . Gennarelli et al (1982b) reported 7 4 % mortality in their series of 
s e v e r e head injury. 
c. Intracerebral haematoma 
Intracerebral h a e m a t o m a s are presen t in abou t 1 5 % of fatal 
head injuries (Freytag, 1963) . They are commonly found in the frontal and 
tempora l regions. The cerebel lum is a f fec ted less f requent ly . Frontal 
h a e m a t o m a s occur commonly as a result of an occipital blow but rarely of 
a frontal blow. As a result of lateral b lows the h a e m a t o m a s occur on the 
ipsilateral tempora l lobe (Jamieson and Yelland, 1968) . The h a e m a t o m a s 
are c a u s e d by t he rupture of blood vesse l s in the brain resulted as a result 
of t he injury. The onse t of the h a e m a t o m a however is somet imes delayed. 
With the adven t of the computer ized tomography (CT scan) 
and magne t i c r e sonance imaging (MRI), it is n o w possible to de tec t small 
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h a e m o r r h a g e s in the deep grey mat ter which are not large enough to ac t as 
intracranial expanding lesions. A good example would be the haemorrhage 
known as 'basa l ganglia h a e m a t o m a ' (MacPherson et al, 1986) . 
T h e s e h a e m a t o m a s occur in the s t r ia tum, pallidum or the 
tha l amus , t he largest of t hem measuring over 2 cm in diameter . Adams et 
al (1986a) s u g g e s t e d tha t the pat ients with basal ganglia haemorrhage fell 
into a s e p a r a t e ca tegory which is assoc ia ted with injury to the axons and 
blood vesse l s . Details of axonal injury will be presented in Chapter 2. This 
t ype of h a e m a t o m a is assoc ia ted with d i f fuse axonal injury, low incidence 
of lucid internal and high incidence of gliding contus ion . Adams et al 
(1986a) concluded tha t it w a s the result of primary brain d a m a g e occurring 
at t he t ime of injury and it w a s indicative of severe brain damage . Lee at 
al (1991) agreed with this view and fur ther sugges t ed tha t pos t t raumatic 
basal ganglia haemor rhage shared certain f ea tu res with shearing injury but 
t ha t isolated lesions usually gave a bet ter prognosis . If it w a s associa ted 
with intracranial lesion such as intraventricular haemorrhage or brain s tem 
haemor rhage , the prognosis would be poorer. In Lee 's s tudy (1991) in 57 
pa t ien ts with CT findings of d i f fuse brain damage , 22 pat ients had 
intracerebral haemorrhage . The locations of haemorrhage were in the deep 
nuclei in 15 c a s e s , deep white matter in 4 ca se s , corpus callosum in one 
c a s e and brain s t em in 2 ca se s . 
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d. Intraventricular haemorrhage :-
Intraventricular haemor rhage is assoc ia ted with head injury 
(Lindenberg, 1971) . It normally originates as intracerebral haemorrhage or 
a s an extent ion f rom subarachnoid haemorrhage spreading into the 
ventr ic les . Occasionally a pontine or a midbrain haemorrhage pene t ra t e s into 
t he four th ventricle. Normally the amoun t of blood in the ventricle is small 
and is inadequa te to p roduce a mas s e f fec t . In Lee 's series (1991) , of 57 
pa t ien ts with CT findings compatible with d i f fuse axonal injury, 3 4 pat ients 
had in t raparenchymal h a e m o r r h a g e , 8 had intraventricular haemorrhage and 
15 had both . 
IV. DIFFUSE BRAIN DAMAGE 
Diffuse brain d a m a g e is caused by d i f fuse d a m a g e to the 
cerebral hemispheres and the brain s tem, without the p resence of a space 
occupying lesion such as a h a e m a t o m a . 
Diffuse brain d a m a g e is a poorly defined concep t in t raumatic 
neuropa thology . It w a s first sugges ted in 1 9 4 2 by Symonds , who 
regarded it a s the lowering of cerebral funct ions in pat ients who become 
unconsc ious af ter the injury. Gennarelli et al (1982b) carried out a 
comprehens ive s tudy on the ou tcome of the head injury pat ients . During 
this s tudy they found tha t , 5 0 % of the severe head injury ca se s , prolonged 
u n c o n s c i o u s n e s s occurred without a mass lesion. They also found that 
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prolonged u n c o n s c i o u s n e s s w a s assoc ia ted with 3 5 % of head injury 
d e a t h s . 
A d a m s (1992) believed tha t there could be 4 mechan i sms 
caus ing a ' d i f fu se ' t ype of head injury : 
1. Diffuse axorial injury. 
2. Hypoxic brain d a m a g e . 
3 . Diffuse brain swelling. 
4 . Diffuse vascular injury. 
Marshall e t al (1991a) introduced the following classification 
for head injury based on computer ized tomagraphy (CT) findings :-
Diffuse head injury w a s divided into 4 groups : d i f fuse injury 
I w h e r e the re is no visible pathology, Diffuse Injury II included injuries where 
t he c is terns are present , with midline shift less than 5 mm and / or mixed 
densi ty lesions less than 25 c .c . , Diffuse Injury III included injuries where 
c is terns are compres sed or absen t but midline shift less than 5 mm and / or 
mixed densi ty lesions less than 25 c .c . and Diffuse Injury IV included 
injuries with midline shift more than 5 m.m. but mixed density lesions less 
than 2 5 c .c . 
Marshall et al 's (1991a) definitions allowed a more accura te 
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descript ion of d i f fuse head injuries, so tha t pat ients w h o are at high risk can 
be easily identified. 
a. Diffuse Brain Swelling and Oedema 
This is the mos t c o m m o n reaction to brain injury which can 
occur in any part of the brain. Swelling occurs f requent ly ad jacen t to the 
contus ion and focal lesions, but it can also occur at one or both cerebral 
hemispheres as d i f fuse brain swelling, If the oedema is excess ive and 
irreversible, t he rise in intracranial pressure can c a u s e rapid deterioration of 
t he pat ient Cordobes et al (1986) . 
Conges t ive brain swelling occurs due to Increased cerebral 
blood f low, hypoxia, hypercapnia and a marked increase in arterial pressure . 
In cerebral oedema there is accumulat ion of wa te r in the brain 
mat te r . During head injury cerebral oedema is caused by 3 separa te 
mechan i sms (Adams and Graham, 1984) - damage to the blood brain 
barrier, hypoxic brain d a m a g e and raised intracranial pressure . 
Oedema develops within 2 4 hours and is generally more severe 
in the whi te mat ter . It is de tec table within a very short time gradually 
w o r s e n e d during the next f e w hours and in the milder c a s e s disappears 
a f te r abou t 6 hours . In children it o f t ens expands and produces a mass 
e f f e c t and can be fatal even in a mild head injury (Zimmerman 1978) . 
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b. Hypoxic Brain Damage 
Hypoxic ischaemic brain d a m a g e and infarction are common 
o c c u r r e n c e s in non-missile head injuries (Maloney and Wha temore , 1969 ; 
Graham and Adams , 1971) . J e n n e t t e et al (1973) analysed 151 c a s e s of 
non-missile head injury and in their s tudy they used the form ' i schaemic ' 
rather than 'hypoxic ' , b e c a u s e they believed tha t the pathological c h a n g e s 
occurred mainly due to the reduction in blood supply. In this series, 91 % 
of the c a s e s of fatal head injuries we re found to have ischaemic changes . 
The lesions we re located in the h ippocampus , 122 c a s e s (88%); basal 
ganglia, 1 9 9 c a s e s (86%); cerebral cortex, 7 0 c a s e s (57%) and cerebellum, 
6 7 c a s e s (49%) . 
Hypoxic brain d a m a g e occurs more frequent ly in associat ion 
with clinical ep isode of hypoxia. (Systemic blood pressure < 8 0 mmHg for 
a t least 15 minutes or P a 0 2 of < 50 mmHg at the time of the injury). It is 
also c o m m o n in pat ients w h o have raised intracranial pressure . (Adam et 
al, 1984) . It is also seen in pat ients who had raised intracranial pressure 
previously. A significant correlation be tween hypoxic brain damage and 
arterial s p a s m has been demons t ra ted (Macpherson and Graham, 1978) 
sugges t ing tha t insufficient perfusion of the brain occurs in head injury 
pa t ients leading to hypoxic brain damage . This is an important point to be 
remembered by the clinicians in treating head injury pat ients . 
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It is sugges t ed tha t infarcts occurring in boundary zones are 
d u e to perfus ion failure following reduction in cerebral blood f low. Hypoxic 
c h a n g e s also occur following ep isodes of cardiac arrest and also occur 
following ep i sodes of s t a t u s epilepticus. Damage to the parahippocampal 
gyrus f requent ly occur s following t rauma and is considered to be secondary 
to raised intracranial p ressure and decreased cerebral perfusion pressure 
(Graham et al, 1987) . 
Kotapka et al (1992} studied hippocampal pathology in 112 
c a s e s of fatal non-missile head injuries. The au thors found di f fuse axonal 
injury in 2 2 % of the c a s e s , parahippocampal gyrus necrosis in 8 6 % of the 
c a s e s , h ippocampal d a m a g e in 8 4 % of the c a s e s and hypoxic d a m a g e other 
than in the h ippocampus in 7 4 % of the c a s e s . 
Results of this s tudy s h o w s tha t the lesions in the human 
h ippocampus , particularly in the CA I subfield, is a common occurrence . 
The m e c h a n i s m s tha t c a u s e such d a m a g e include hypoxia, raised ICP and 
hypotens ion . 
c. Diffuse Vascular Injury :-
Multiple minute haemorrhages throughout the brain are a 
f r e q u e n t occu r r ences in pat ients dying of head injury (Thomlinson, 1970). 
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On sec t ion ing a fixed brain t h e s e h a e m o r r h a g e s can be found th roughou t 
t h e brain, particularly in a r ea s such a s whi te mat te r of frontal and temporal 
lobes , a r e a s a d j a c e n t to t he t ha l amus and the brain s t e m . In t he brain s t e m 
t h e y typically occur a round t h e aqueduct； f loor of t he rostral part of t he 
four th ventr icle , caudal pons and medulla. Tomlinson named this type of 
lesion 'pr imary brain s t e m h a e m o r r h a g e s ' but A d a m s (1992) cons idered it 
a s a primary t y p e of d i f fuse brain d a m a g e . Minute h a e m o r r h a g e s also occur 
in t h e c o r p u s ca l losum and t h e dorso-latera丨 quadran t of the rostral brain 
s t e m in assoc ia t ion with d i f fuse axonal injury. Based on their s tud ies 
Mitchell and A d a m s (1973) believed this t y p e of injury to be a part of the 
pa tho logy of d i f fuse axona l injury. 
d. Diffuse Axonal Injury .*-
This sub jec t will be d i scussed in detail in t he next chap te r . 
V_ RAISED INTRACRANIAL PRESSURE (ICP):-
This is a well recognized s e c o n d a r y brain d a m a g e in head 
injury pa t i en t s . The mos t important c a u s e of raised ICP is o e d e m a of the 
brain. High ICP can occur wi thout the d i sp lacement of t he midline 
s t r u c t u r e s (Adams and Graham, 1976) . Raised ICP also p roduces 
neurological dys func t ion by decreas ing cerebral blood f low. 
With t he elevation of the ICP the cerebral perfusion pressure 
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b e c o m e compromised . Rising ICP c a u s e s papil loedema, w e d g e necrosis of 
t h e parah ippocampal gyri and pressure necrosis of the cingulate gyrus. 
Such lesions occur as a result of a pressure d i f ference be tween the 
supratentor ia l and irifratentorial c o m p a r t m e n t s of the skull. Pressure 
necros is of t he parahippocampal gyrus occurs when the ICP is above 4 0 
mmHg. The pat ient deve lops significantly diminished cerebral blood f low 
and s h o w s neurological abnormali t ies and abnormal EEG pat tern . Pressure 
necros is can occur in s o m e pat ients with ICP ranging 2 0 - 4 0 mmHg but it 
is not s een if t he ICP is be low 2 0 mmHg. 
in Graham et al 's (1987) s tudy of 3 2 4 c a s e s of non-missile 
head injury on brain d a m a g e secondary to raised ICP, the pathological 
criteria for ev idence of raised ICP w a s pressure necrosis in the 
parahippocampal gyri. Another mos t common type of d a m a g e of ICP w a s 
found in the brain s t em (68%) in the form of haemorrhage , of which 17% 
w a s de tec tab le microscopically only (Duret 's haemorrhage) . Pressure 
necros is exer ted on cingulate gyrus by supracallosal hernia against falx 
cerebri w a s presen t in 2 5 % of c a s e s . 
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Chapter 2 
DIFFUSE AXONAL INJURY 
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I. HISTORICAL ASPECTS : -
DAI is a d i f fuse type of brain d a m a g e tha t occurs as a result 
of a head injury. The background for defining this type of brain damage 
g o e s a s far back as 1835 , when Gama s ta ted "fibres as delicate as those 
of which the organ of mind is composed are liable to break as a result of 
v iolence." With his exper iments on brain models , Gama concluded tha t 
concuss ion occurred due to vibration. The first animal exper iment on head 
injury w a s carried out by Witkowsko (1877) w h o observed microscopic 
petechial haemor rhages in frog brains following blows on the heads . 
An important s tudy w a s conduc ted by J a k o b (1913) who 
induced concuss ion in rabbits and monkeys by repeatedly dropping a 
hammer on their heads . The animals developed clumsiness , ne rvousness 
and loss of appet i te . Autopsy showed the degenerat ion of white matter in 
the cerebral hemispheres and in the descending and ascending t rac ts of the 
brain s t em. 
Holbourn (1943, 1945) carrried out more s tudies by 
cons t ruc t ing a gelat inous brain model and subject ing it to rotational 
accelerat ion force . He sugges t ed this force w a s sufficient to damage the 
nerve fibres and blood vesse ls . Pudenz and Sheldon (1946) sugges ted that 
during a blow, if the head w a s f ree to move, gliding and swirling movement 
of t he brain would occur . 
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Russell (1932) s t ressed the close relationship be tween 
concuss ion and d a m a g e to nerve fibres. Rand and Courville (1934) were 
t h e first to discover retraction bulbs on the brain following head injury, 
s o m e t i m e s a w a y f rom the focal lesions. Evans and Scheinker (1944) noted 
marked gliosis and demyelination of whi te mat ter which they attr ibuted to 
hypoxia and o e d e m a of the brain. 
A major a d v a n c e in this field w a s made by Strich who 
published a paper in 1 9 5 6 on her findings in the brains of 5 pat ients who 
survived closed head injury but had been in a decerebra te and demented 
s t a t e for 5 - 1 5 mon ths . These pat ients had become unconcious 
immediately af te r the injury and had no signs of intracranial lesions. 
Microscopically, the re were small foci of sof ten ing , haemorrhages , d i f fuse 
degenera t ion of whi te mat ter and degenera t ion of long t rac ts . Three ca se s 
had small old haemor rhages in the brain s t em and ail of them had lesions 
in the co rpus cal losum and in one or both of the superior cerebellar 
pedunc les . Strich defined these pathological changes as "diffuse 
degenera t ion of white mat ter" and she related these phenomena to the 
closed head injury, where disruption to the nerve fibres w a s thought to 
have occurred at the time of injury. 
Later, this type of brain injury w a s referred to by various 
n a m e s such as "shearing injury" (Strich, 1961; Peerless and Rewcast le , 
1967) , "d i f fuse d a m a g e to white matter of immediate impact type" (Adams 
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et al, 1977) or "di f fuse whi te matter shearing injury" (Zimmerman et al, 
1977) and still later as "di f fuse axonal injury" (Adam et al, 1982 ,1982(a ) ; 
Gennarelli et al, 1982) . 
J e n n e t t and Plum (1972) sugges t ed tha t this type of injury w a s 
t he c o m m o n e s t c a u s e of the vegeta t ive s t a te suf fered by head injury 
pa t ients . Jellinger and Seitelberger (1970) , Jeliinger (1977) and Peters and 
Rothemund (1977) did not share Str ich 's opinion and sugges t ed instead 
tha t t h e s e s tructural c h a n g e s occurred as a result of hypoxia, ischaemic 
brain d a m a g e , cerebral oedema or secondary d a m a g e to the brain s t em. 
Adams et al (1977 , 1982 , 1982a , 1989) confirmed Str ich 's 
f indings by fur ther s tudies . As described later in this chapter , structural 
abnormali t ies in the white mat ter were reproduced in subhuman primates 
using a device by which the animals were subjec ted to controlled angular 
accelerat ion of the head wi thout increasing the intracrainal pressure 
(Gennarelli et al, 1982) . Diffuse Axonal Injury (DAI) is a well recognised 
entity n o w but its spec t rum is still to be fully explored. In their earlier 
s tud ies for defining DAI, Adams et al carried out their investigations only on 
fatal c a s e s . However , it is n o w suspec ted tha t there are less severe ca se s 
of DAI which are not necessari ly fatal and which may even go unnoticed. 
Generally, pat ients who sustain DAI become unconcious at the 
t ime of impact wi thout experiencing a lucid interval and then remain in an 
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unconc ious , vege ta t ive or severely disabled s t a te until their dea th . 
However , this is not the c a s e with pat ients suffering mild forms of DAI and 
the s p e c t r u m of such c a s e s is yet to be def ined. 
Adams et al (1986a) noted tha t there w a s a significant 
incidence of gliding con tus ions and basal ganglia haema toma in DAI 
pat ients but there w a s a reduced incidence of intracranial haematoma 
compared to the c a s e s wi thout DAI. In Adams et a l ' s 1 9 8 9 s tudy they also 
noted t ha t 17 out of 122 DAI c a s e s (14%) experienced a lucid interval. 
These f indings s u g g e s t tha t the pathological spec t rum of DAI is wide. 
II. STRUCTURAL ABNORMALITIES : -
There are 3 distinct f ea tu res in the pathology of DAI as 
descr ibed by Adams (1992) . 
1. Focal lesions in the corpus callosum. 
2. Focal lesions in the dorso la te ra l quadrant of the rostral 
brain-stem, ad jacen t to the superior cerebellar peduncle. 
3. Diffuse d a m a g e to the axons thoughou t the cerebral 
hemisphere . 
The first t w o fea tu res can be identified macroscopically in 
formalin fixed brains but the third fea ture is seen only on microscopic 
examinat ion. 
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1 • Lesions in the corpus ca/Iosum :-
The main pathological fea tu re in the corpus callosum is the 
p r e sence of haemor rhage . The foci of haemorrhage are o f ten found in the 
splenium of the co rpus cal losum. The haemor rhages can be seen in the 
midline, some t imes involving the interventricular s ep tum. They are also 
seen ruptured into the ventricles, causing intraventricular haemorrhage . 
The lesions in the corpus callosum measure about 2 - 3 mm in diameter . 
The haemor rhage can extend down to the fornix. Several days af ter their 
format ion, the haemorrhagic foci become granular, shrunken and even 
cyst ic . 
Histologically, a lesion cons is t s of a haemorrhage in the 
perivascular region later extending to the surrounding t i ssue . Reactive 
c h a n g e s occur with the infiltration of microglia a s t rocy tes and the 
proliferation of capillaries. The blood clot is removed by phagocytos is , 
leaving behind a scar t i ssue . 
2. Focal lesions in the rostral brain stem :-
These lesions appear as haemorrhages which occur quite 
commonly in the dorsolateral part of the mid brain and in the rostral pons, 
at t he level of the t egmen tum, and almost a lways involve the superior 
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cerebellar pedunc les . The lesions may occur unilaterally or bilaterally. 
Bilateral lesions are o f t en asymmetr ica l . (Adams et al, 1 9 7 7 ; Adams 1992) . 
The h a e m o r r h a g e s o f t en extend t o w a r d s the lower pons but they are not 
f requent ly s een in the medulla (Javonovic and Grcevic 1977) . 
Microscopically, t h e s e lesions are similar to t h o s e in the corpus 
ca l losum. A f e w days a f te r t he injury, the haemorrhagic lesions s h o w glial 
react ion and infiltration of microglia. In later s t a g e s infiltration of 
m a c r o p h a g e s are also s e e n . After a f e w w e e k s the lesions become 
sh runken , gliosed and cyst ic with haemosiderin p igments . 
3. Diffuse damage to the axons :-
During the last decade , many researchers have carried out 
s tud ies to def ine the f ea tu re s of axonal d a m a g e . In pat ients w h o have 
survived a f e w days af te r brain injury, numerous eosinophilic swellings of 
nerve f ibres known as "retraction bails of Cajal" (Cajal, 1959) have been 
identified. T h e s e retraction balls are found in the white mat ter of the 
cerebral hemispheres , in the cerebellum and in the brain-stem. The 
retract ion balls are also known as "axonal swell ings" or "axonal 
bal loonings". These lesions can occur in many areas of the brain, namely 
：parasaggital whi te mat ter , subcortical white mat ter , corpus callosum, 
internal capsu le and superior cerebellar peduncles . 
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Some t rac t s are also involved and Strich (1976) found that 
t hey occurred particularly in cortico-spinal t rac ts , medial lemnisci, medial 
longitudinal bundles and central t egmenta l t ract . 
In a closed head injury during which the head is subjected to 
rotational force , making the axons to s t re tch beyond a certain point, the 
axons b e c o m e swollen, beaded or varicosed ( Cajal, 1928) . If an axon 
ruptures , a retraction ball is fo rmed . The axonal swellings are commonly 
seen in f ibres running in one direction only, wi thout any seen in ad jacent 
f ibres running in the other directions. 
There is a wide spec t rum of axonal d a m a g e associa ted with 
head injury. In previous s tudies , axonal damage w a s noted only in c a se s 
of seve re injury. But in later s tudies , carried out on animals and humans , 
it w a s noted tha t mild to modera te head injury also could produce axonal 
d a m a g e but the ex ten t and distribution of damage would be less 
p ronounced than in the c a s e s of severe injury. 
Axonal c h a n g e s and their e f fec t s were described by 
Povlishock et al (1983) , Povlishock and Kontos (1985) and Povlishock 
1 9 9 2 . In their 1 9 8 3 s tudy Povlishock et al a t tempted to a s s e s s the axonal 
c h a n g e s in ca t s , subjec ted to minor head injury using anterograde t races 
such as horseradish peroxidase conjugated with w h e a t germ agglutination. 
The basis for this research w a s that the axon is ruptured at the time of 
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injury, releasing protein (peroxidase) containing axoplasm. It could be 
identified by histochemical t r ea tment , using light or electron microscopy. 
They observed tha t , by the second w e e k of t rauma, many reactive axons 
regenera ted and tha t m a c r o p h a g e s were related to the damaged axons . 
With continuing survival, they found mac rophages removing the damaged 
swelling by phagocy tos i s . The au thors did not observe any regenerat ive 
c h a n g e s but regenerat ive a t t empt s were reflected by the sprouting of 
g rowth c o n e s which persisted for 3 months . This s tudy sugges ted tha t 
axonal swelling may persist unchanged , may degene ra t e or may even 
undergo regenerat ion. 
Macrophages and microglia tha t appear soon af ter the injury 
reach a maximum size in 7 - 14 days and dec rease thereaf te r . These cells 
engulf degene ra t ed cellular material and remain at the t raumat ic site for 
many yea r s a f te r the injury. Microglial s ta rs can be identified by Weil-
Devonport silver stain (Oppenheimer, 1968) in frozen section or by cresyl 
violet in paraffin sec t ion . The microglial s tars are seen commonly in the 
ipsilateral corpus callosum, in the contralateral brain s tem and in the internal 
capsu le . 
Diagnosis of DAI:-
In the initial s tudies • DAI w a s diagnosed in fatal c a se s by 
sampling various parts of the brain and examining them under the light 
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microscope . Macroscopic foci of haemor rhages tha t typically occur in DAI 
can be readily identified by sect ioning the brain. These lesions occur 
commonly in the co rpus callosum, superior cerebellar peduncle and in the 
brain s t e m . This method w a s later ex tended to the identification of 
microscopic lesions in the parasaggital subcortical whi te mat ter , in the 
internal capsu le and in the fornix. The classical lesions in DAI, the axonal 
retraction balls, could be identified in the sec t ions when stained with 
hematoxylin and eosin but of ten special s ta ins were also used for 
highlighting t h e s e lesions. A number of special s ta ins were employed by 
various research workers . 
Strich in her 1 9 5 6 s tudy used Marchi preperat ion, silver s tains 
and Nissl m e t h o d s as special s ta ins . Adams et al. (1989) used Nissl 
method with cresyl violet, Luxol f as t blue method and the Palmgren 
t echn ique . Sahuquillo-Barris (1989) employed 4 types of s ta ines , namely : 
hematoxylin and eosin, Nissl-Luxol f as t blue, Woelke ' s Beilschowsky and 
Palmgren Stain. Silver staining me thods such as the Palmgren technique 
w e r e used for staining axons while Nissl method and Luxol fas t blue method 
were used for staining myelin. 
Blumbergs et al (1989) noted tha t axonal balls could be readily 
identified using anti-neurofi lament immunostain but in their s tudy staining 
w a s carried out only on a f e w cases . Comparison with silver s tains w a s 
not carried out in s tandardized blocks. Gultekin and Smith (1992) in an 
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a b s t r a c t compared Bodian silver stain phosphorylated neurofi laments and 
anti-ubiquitin s ta ins , but only on 6 c a s e s and reported tha t anti-ubiquitin 
stain w a s superior to silver s ta ins in the detect ion of axonal balls. 
Conventional silver s ta ins are difficult to perform routinely 
b e c a u s e the staining procedure is tedious . The staining propert ies vary 
f rom laboratory to laboratory and hence the s tandardizat ion of the s tains is 
difficult. Very of ten the nuclei and corpora amylacea are also s tained, 
making identification of axonal balls difficult. 
Hence, in order to identify axonal balls, a reliable and more 
select ive stain which can be easily performed in any laboratory is needed . 
Since the diagnosis of DAI d e p e n d s on the histological identification of 
axonal injury, a s tudy to compare the efficiency of various stains is 
essent ia l . 
III. ASSOCIATED CONDITIONS OF DAI : -
DAI is known to occur in associat ion with other lesions such 
a s acu t e subdural h a e m a t o m a , extradural haematoma , basal ganglia 
haemor rhage and gliding contus ions (Adams et al, 1 9 8 6 , 1 9 8 6 a , 1982 , 
1 9 7 7 , 1980 ; Macpherson et al, 1986; Peerless and Rewcast le , 1967; 
Sahuquillo-Barris et al, 1988 , 1989) . 
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1 • Acute subdural haematoma :-
Co-exis tence of DAI and acu te subdural haema toma w a s first 
descr ibed by Strich (1976) . Adams et al (1982) reported tha t 1 1 % of 
pa t ien ts with DAI presented with acu te subdural haema toma . Sahuquillo-
Barris et al (1988) studied 31 c a s e s of severe head injury. In their s tudy on 
a c u t e subdural h a e m a t o m a and DAI af ter severe head t rauma, six pat ients 
had both acu t e subdural haema toma and DAI. The majority of the 
con tus ions we re present in the cerebral hemispheres in the frontal and 
temporal lobes. Lucid interval w a s not present in any of the pat ients . 
Pressure necros is of the parahippocampal gyri and hypoxic brain damage 
w e r e p resen t in 22 pat ients , sugges t ing tha t dea th occurred due to 
uncontrolled raised ICP secondary to acu te subdural haema toma . The co-
ex i s tence of a cu t e subdural haema toma and DAI in pat ients with no lucid 
interval s u g g e s t e d tha t the mechan i sms tha t caused both lesions were 
similar. Gennarelli and Thibault (1982a) and Gennarelli (1983) s ta ted that 
pure acu t e subdural haema toma resulted from acceleration force of short 
durat ion. In cont ras t , DAI w a s produced by accelerat ion/decelerat ion force 
of longer duration with gradual onse t , as had been shown in their 
experimental s tudies . However , based on his observat ions Sahuquillo-Barris 
et al (1988) s ta ted tha t the occurrence of acu te subdural haematoma 
assoc ia ted with DAI w a s an ep iphenomenon tha t fur ther complicated the 
cou r se of the patient . As such , the relationship be tween DAI and the 
deve lopmen t of acu te subdural haematoma is still not fully establ ished. 
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2. Basal ganglia haemorrhage :-
丁he p re sence of basal ganglia haemorrhage iri DAI has been 
reported by various researchers in the pas t (Adams et al, 1986a ; Lee, 1991； 
Macphersori et al, 1986) . In Adams et al 's series (1986) of 6 3 5 c a s e s who 
had non-missile head injury, 6 3 pat ients were found to have deep 
intracerebral (basal ganglia) haemor rhages . In t h e s e pat ients , the 
con tus ions we re more severe and the contusion index w a s higher. The 
incidence of lucid interval w a s lower and there w a s increased incidence of 
gliding con tus ions and DAI. The authors sugges ted tha t there w a s a close 
associa t ion b e t w e e n DAI and basal ganglia haemorrhage because of their 
co-ex is tence and b e c a u s e they shared fea tu res such as low incidence of 
lucid interval and high incidence of gliding contus ions . 
In Lee 's (1991) s tudy of 52 pat ients with basal ganglia 
haemor rhage , d iagnosed by CT scanning, 20 ca se s had traumatic 
subarachnoid haemorrhage , 9 had brain s tem haemorrhages , 5 had subdural 
haemor rhage and 17 had focal contus ions . In all the pat ients , the diagnosis 
w a s made within 2 hours of admission. Since basal ganglia haemorrhage 
had been de tec ted early in t he se pat ients the author concluded that it w a s 
a primary event tha t occurred at the time of the injury. According to his 
f indings, isolated basal ganglia haemorrhage which occurred in 2 5 % of the 
pat ients w a s associa ted with good ou tcome. He also sugges ted that basal 
ganglia haemorrhage shared many fea tures with shearing injury. 
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Mosberg and Lindenberg (1959) sugges ted tha t impact 
directed t o w a r d s the tentor ium led to the shift of the brain through the 
tentor ium notch with s t re tching of vesse ls resulting in basal ganglia 
haemor rhage . Gennarelli et al (1987 , 1982) sugges ted tha t the shearing 
injury b e t w e e n the deep nuclei and perforating vesse ls w a s also responsible 
for basal ganglia haemor rhage . 
Macpherson et al (1986) identified basal ganglia haemorrhage 
in 61 out of 2 0 0 0 c a s e s of head injury. In 41 of t hese , basal ganglia 
haemor rhage occurred as an isolated lesion while in the other 2 0 ca se s , it 
w a s assoc ia ted with intracranial haema toma . Of the 61 ca se s , 6 9 % were 
caused by road traff ic acc idents , 9 8 % had no lucid interval, 4 6 % had 
assoc ia ted skull f rac ture and 6 0 % were severely disabled, vegeta t ive or 
dead af te r 6 mon ths . In this s tudy, the pat ients who had isolated basal 
ganglia haemor rhage were significantly younger . The pat ients who had 
assoc ia ted raised intracranial pressure (ICP) had a worse prognosis , 8 8 % 
of t h e m being either dead , vegeta t ive or severely disabled, compared to the 
pa t ients w h o had isolated basal ganglia haemorrhage but no raised ICP. 
However , t h e s e observa t ions are different f rom the observat ions of Lee 
(1991) et al. in w h o s e series, 2 8 % of the pat ients with isolated basal 
ganglia haemorrhage had a good ou tcome. On the basis of their findings, 
Macpherson et al sugges ted tha t these pat ients formed a subgroup within 
t he head injury population sharing many fea tures with pat ients with severe 
DAI. They sugges t ed tha t basal ganglia haemorrhage resulted from the 
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shear ing of blood vesse l s in the white matter as a result of angular 
accelerat ion / decelerat ion force . They concluded that al though these 
lesions w e r e not large enough to c a u s e s p a c e occupying lesions, their 
p r e sence w a s significant b e c a u s e of the associat ion with poor prognosis . 
These s tud ies sugges t ed the close relationship be tween DAI and basal 
ganglia haemor rhages . A similar mechanism may be involved in both 
lesions. 
3. Lucid interval:-
The associa t ion be tween lucid interval and DAI is controversial . 
Adams et al (1982 , 1989) showed a significant negat ive correlation 
b e t w e e n t he p re sence of lucid interval and the severity of DAI. In his 1982 
s tudy of a ser ies of head injury ca se s , only 17 out of 122 pat ients with DAI 
(14%) had lucid intervals compared to 119 out of 3 1 2 (59%) c a s e s without 
DAI ( P < 0 . 0 1 ) . Amongs t the 17 pat ients with lucid intervals in the DAI 
group only 2 had a total lucid interval. They were able to talk clearly and 
rationally before they deteriorated into a coma. Both t he se pat ients had 
Grade I DAI. Out of the other 15 who had only a partial lucid interval 5 
c a s e s had Grade II DAI and 6 had grade III DAI. 
In Sahuquillo-Barris et al 's (1989) series of DAI cases , all 2 4 
c a s e s we re unconcious immediately af ter the impact. 
From t h e s e s tudies we can conclude tha t DAI is more common 
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in pa t ients wi thout a lucid interval, but the p resence of lucid interval does 
not necessar i ly preclude DAI. 
Lobato et al (1991) carried out a comprehens ive s tudy on 8 3 8 
pat ients with seve re head injury. 211 of the pat ients had talked before they 
deter iorated into c o m a . These pat ients were compared with 6 2 7 pat ients 
w h o did not have a lucid interval. The pat ients w h o experienced a lucid 
interval had a lower incidence of generalised injury, peritraumatic 
hypotens ion and hypoxia sugges t ing tha t they suffered less severe injuries 
and less severe hypoxic damage . This s tudy showed a definite relationship 
b e t w e e n the severi ty of brain d a m a g e in general to the a b s e n c e of lucid 
interval but s ince the au thors did not sepera te DAI c a s e s f rom the whole 
group of d i f fuse brain d a m a g e ca se s , no conclusion could be drawn about 
the relationship b e t w e e n DAI and lucid interval. 
4. Fractures of the skull:-
In Adams et al 's series of fatal head injury ca se s (1982a) out 
of 122 pat ients with DAI, 70 ca se s (57%) had associa ted skull f racture 
while out of 3 1 2 c a s e s without DAI, 2 5 4 (81%) had skull f racture 
( P < 0 . 1 0 1 ) . In another series by Adams and Graham (1984), during which 
they studied 132 c a s e s of fatal head injury cases , only 13 out of 4 5 
pa t ients with DAI had skull f rac ture . In the non-DAI group, 114 out of 132 
c a s e s had skull f rac ture ( P < 0 . 0 0 1 ) . In Sahuquillo et al 's (1989) series ' 
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only 10 c a s e s ou t of 2 4 had a s soc ia t ed skull f r ac tu re . 
In C o r d o b e s et al (1986) s tudy of pos t t r aumat ic DAI, analysis 
of 7 8 pa t i en t s on CT scann ing s h o w e d 15 c a s e s (19%) to have a s soc ia t ed 
skull f r a c u t r e . The a u t h o r s did not find any posit ive correlat ion b e t w e e n the 
sever i ty of t h e injury a s s e s s e d by GCS and the p r e s e n c e of skull f r ac tu re . 
In t h e expe r imen t s carried out on s u b h u m a n pr imates , Genneralli et al 
( 1 9 8 2 a , 1983) w e r e able to p roduce DAI wi thou t skull f r ac tu re ,by 
sub jec t ing t h e head to angular acce lera t ion . 
T h e s e s tud ies s h o w e d tha t skull f r ac tu re can occur in 
assoc ia t ion with DAI but t ha t it Is not a n e c e s s a r y fac to r . The prognos is or 
o u t c o m e of t h e pa t ien t s d o e s not depend on the p r e s e n c e of skull f rac tu re . 
Howeve r , b e c a u s e skull f r ac tu re is a s soc ia t ed with increased incidence of 
intracranial h a e m a t o m a t h e s e pa t ien ts generally have a w o r s e prognosis . 
IV. GRADING OF DAI : -
The ex i s t ence of a s p e c t r u m of DAI w a s s u s p e c t e d ever s ince 
Strich first descr ibed d i f fuse degenera t ion of cerebral whi te mat te r , in 1 9 5 6 . 
Until recent ly , very little a t tent ion w a s paid to t he identification and 
d iagnos i s of 丨ess s eve re DAI c a s e s . This may be due to the fac t tha t 
pa tho log i s t s could only s tudy fatal c a s e s with seve re injuries. Based on the 
resul t s of Genriarelli et a l ' s (1982) exper iments and the examinat ion of 100 
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c a s e s of seve re head injury with DAI , Pilz (1983) sugges t ed tha t the 
pathological criterion for diagnosis of DAI w a s appliable only for the severe 
end of the spec t rum. Adams et al (1985a) described 9 c a s e s of 
microscopic DAI. In t h e s e c a s e s there were no gross focal lesions in the 
co rpus cal losum or in the brain s t em. The structural c h a n g e s were found 
only on microscopic examinat ion. Oppenheimer (1988) also d rew at tention 
to the p r e s e n c e of milder degrees of DAI. 
With the growing a w a r e n e s s of p resence of DAI, Adams et al 
(1989) reviewed 1 2 2 c a s e s of DAI, selected f rom 4 3 4 head injury ca se s 
f rom the Glasgow Data Base, and sugges t ed a grading sys t em for DAI. The 
grading s y s t e m sugges t ed is as fol lows. 
Grade I - P resence of axonal d a m a g e in the parasaggital white matter , 
co rpus cal losum, brain s t em and cerebellum which can only be identified 
microscopically. 
Grade II - Focal lesion in the corpus callosum in addition to microscopic 
axonal d a m a g e . 
Grade III - Focal lesion in the corpus callosum and the dorso-lateral 
quadran t of the rostral brain s tem ad jacen t to the superior cerebellar 
peduncle in addition to microscopic axonal damage . 
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In Adams et al series, there were 10 c a s e s of Grade I, 29 
c a s e s of Grade II and 8 3 c a s e s of Grade 111 DAI. 
But there are limitations to this grading sys t em. It can be used 
only for fatal c a s e s . There are DAI c a s e s tha t overlap the grades described 
on this grading s y s t e m and there are c a s e s tha t do not fit into any of t hese 
g rades . In this grading sys t em, Adams gave more prominence to the 
lesions in the corpus callosum than to t hose in the brain s t em. He also 
ignored the lesions tha t occur in the internal capsule and in the white 
mat te r . Other assoc ia ted focal lesions such as acu te subdural h a e m a t o m a s 
w e r e not taken into accoun t either. 
V. MECHANISM OF DAI : -
During the latter half of this century , neuropathologis ts have 
a t t empted to define the exac t mechan i sms of brain damage tha t occur in 
non-missile head injury, by simulating real-life t rauma in experimental 
animals. Denny-Brown and Russel (1941) induced concuss ion in subhuman 
pr imates by applying controlled blows to their heads and observed that the 
accelerat ion of the head w a s an important fac tor in inducing concuss ion. 
In 1 9 4 5 , Holbourn 's observat ions showed tha t acceleration / deceleration 
p roces s which occurred during rotational movement of the head caused 
shear ing strain to the brain, the brain damage in non-missile head injury is 
c a u s e d by accelerat ion and by contac t phenomena as a result of objects 
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striking aga ins t the skull (Ommaya and Genarel l iJ 9 7 4 ; Genarelli et al 
, 1 9 8 2 ; Genarelli and Thibault , 1982a) . 
Accelerat ion d a m a g e occurs due to the movemen t of the brain 
in r e sponse to an impact . This mechan ism is mainly responsible for di f fuse 
d a m a g e to axons brought about by the shear and tensile strain to the brain 
(Adams and Graham, 1984) . The s a m e strain can c a u s e tearing of bridging 
veins leading to acu t e subdural h a e m a t o m a . 
More advanced exper iments were carried on subhuman 
pr imates , in recent t imes, using a device to induce controlled accelerat ion. 
Ommaya and Gennarelli (1974) concluded tha t concuss ion w a s not 
produced by translational accelerat ion, which moved the head in the 
anterior-posteriorly direction, but by angular accelerat ion with the lower 
cervical spine as the axis of rotation. Abel, Gennarelli and S e g a w a (1978) 
and Gennarelli et al (1982) studied more c a s e s using Penn I device which 
induced a 6 0 degree low and modera te angular acceleration in the saggital 
plane. They reproduced cerebral contusion with or without contus ions of 
the brain. 
Adams, Gennarelli and Graham (1982a) carried out several 
exper iments on subhuman primates by subjecting the heads of these 
animals to accelerat ion and produced contus ions in the frontal and temporal 
lobes. They noticed that , at higher acceleration, damage to the bridging 
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ve ins occur red caus ing a c u t e subdura l h a e m a t o m a . 
I门 t h e nex t s e t of expe r imen t s on s u b h u m a n pr imates using 
modified Perm II device , which al lowed the acclera t ion impulse to ac t for a 
longer period of t ime, Gennarelli e t al (1982c ) prolonged t r aumat ic coma 
wi thou t intracranial expand ing lesions and p roduced raised intracranial 
p r e s su re . The result ing d i f fuse d a m a g e to the a x o n s by pure non- impact 
control led angular acce lera t ion of the head w a s t e rmed "d i f fuse axonal 
injury" (DAI). To p r o d u c e this t y p e of injury, a blow on the head w a s not 
required. This w a s a major b reak th rough in t h e unders t and ing of the 
m e c h a n i s m of DAI. 
Maxwell e t a丨（1988) in their s tudy of t he react ion of 
myel inated nerve f ibres , using f r eeze f r ac tu re t echn ique , found tha t a f te r 3 -
4 hours , t h e dimeric part icles of t he glial-axon junction w e r e lost and af ter 
6 hours , myelin lamellae w a s s epe ra t ed f rom the axonal r emnan t . Maxwell 
e t al (1991) used t h e optic nerve of the guinea pig a s a model for axonal 
injury and no ted tha t t he initial s i tes for d a m a g e w e r e in t h e nodes of 
Ranvier which s h o w e d d e v e l o p m e n t of "nodal b lebs" . They noticed a 
proliferation of nodal blebs a f te r 15 minutes and the occu r r ence of 
a x o n o t o m y and the format ion of degenera t ion bulbs a f te r 2 4 - 7 2 hours . 
Based on t h e s e f indings they s u g g e s t e d tha t the d a m a g e at the nodes 
resul ted in t he disruption of axonal t r anspor t leading to axono tomy . They 
a t t r ibuted axonal d a m a g e to the influx of calcium ions following injury' but 
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this explanat ion still remains controversial . 
Povlishock (1986) reported tha t progession of traumatically 
induced axonal c h a n g e s occurred wi thout any neuronal or microvascular 
abnormali t ies . Complementary s tudies done by Erb and Povlishock (1988) 
and Maxwell et al (1988) confirmed that severe head injuries caused focal 
impairment of axoplasmic t ranspor t with initial axonal swelling and 
lobulation leading to d isconnect ion. It is n o w believed tha t the ex tent of 
d isconnect ion of axons d e p e n d s on the severi ty of the injury. 
Recently, Yaghami and Polvishock (1992) carried out a s tudy 
using ant ibodies specif ic to the 68 KD neurofi lament subuni t . They noted 
a highly focal increase In intra-axonal 68 KD subunit , one hour af ter a 
t raumat ic brain injury. 
In mild head injury cases , the au thors found focal impairment 
of an te rograde t ranspor ta t ion , but not tearing of axons , one hour af ter the 
injury. Impairment of an te rograde t ransporta t ion had resulted in the 
expans ion of the axons , lobulation, fur ther expansion and formation of a 
reactive swelling. De tachment of the reactive swelling w a s observed 6 -
12 hours a f te r the injury. The d isconnected proximal axonal segmen t 
cont inued to expand , reaching its maximum size 2 4 - 72 hours af ter the 
injury. It w a s also observed that the distal s egmen t underwent Wallerian 
degenera t ive c h a n g e s . The electron microscopy findings supppor ted the 
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light microscopy f indings. The au thors argued tha t the increase in 68 KD 
neurof i lament subuni t immunoreactivi ty w a s inconsis tent with the concep t 
of Calcium ion-mediated neurofi lament degenera t ion . The exac t mechanism 
involved has not yet been fully explained and fur ther s tudies are required to 
confirm t h e s e observa t ions . 
In a recent s tudy on ultrastructural evidence for axonal 
shear ing a f te r seve re head injury (Maxwell et al, 1992) , subhuman primates 
w e r e sub jec ted to accelerat ion head injury and their nerve fibres in the 
splenium of the co rpus callosum were examined 2 0 - 3 5 minutes thereaf te r . 
While 61 % of the axons be tween 0 . 6 and 1.1 micrometers were found 
d a m a g e d , only 11 % of the larger axons were found disrupted. However , 
the axolemma w a s mos t f requent ly sepera ted be tween the node and the 
pa ranode . The au thors sugges t ed tha t t w o mechan i sms occurred in axonal 
injury, namely : physical tearing of small axons most commonly at the node 
of the Rarivier and d a m a g e to the axolemma leading to t h e formation of 
classic axonal bulbs 2 4 - 4 8 hours af ter the injury. 
Grady et al (1993) noted similar axonal changes in head 
injury y pat ients • in the sec t ions stained with 68kD neurofi lament subunit 
and they interpreted t he se as reactive axonal changes . They sugges ted 
tha t t h e s e c h a n g e s are not necessarily caused by t raumat ic tearing of 
axons . 
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VI. CLINICAL A N D RADIOLOGICAL ASPECTS OF DAI : -
In describing the d i f fuse lesions in the brain, radiologists and 
neu rosu rgeons indiscriminately use the t e rms 'd i f fuse brain injury' or 
' d i f fuse brain d a m a g e ' . The term ,DAI' is normally used for the c a s e s with 
f ea tu re s of DAI only. As described in the page 15, d i f fuse brain damage 
can occur due to a variety of c a u s e s . Hence, it is not correct to equa te 
DAI to d i f fuse brain d a m a g e unless there is enough evidence to sugges t 
t ha t t he pathology of t h e s e t w o entities are similar, On computer ised 
t omography (CT scan) and on magnet ic r e sonance imaging (MRI) only the 
obvious haemor rhages above a certain size can be identified. The brain 
s t e m is not very well visualized radiologically. Hence, minute haemorrhages 
canno t be de tec t ed by t h e s e me thods . Also, the mos t important 
pathological lesion of DAI, axonal damage , canno t be identified by these 
m e t h o d s s ince it is microscopic. Hence, s tudies carried out by these 
m e t h o d s on pat ients who had di f fuse brain damage may not represent a 
t rue population of DAI. Many s tudies have been carried out on patients 
with DAI based on radiological findings but their conclusions on DAI are 
deba tab le . In s tudies conduc ted on fatal c a s e s of DAI with histological 
diagnosis , only the severe end of the spec t rum is represented . Hence, 
fur ther research into the pathology of DAI is needed to establish the 
spec t rum of DAI. 
Since DAI is commonly associa ted with other intracranial 
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lesions like subdural h a e m a t o m a , extradural haema toma , hypoxic brain 
d a m a g e and raised ICP, its contribution t o w a r d s the ou t come of the patient 
is hard to be a s s e s s e d . Most of t h e s e lesions occur even without DAI. 
S o m e of the s tudies have been based only on clinical findings, mostly 
radiological. 
Diagnosis of DAI in living pat ients is important in the 
m a n a g e m e n t of head injury c a s e s . Zimmerman (1978) , w h o examined the 
CT s c a n s of 2 8 6 pat ients w h o were in coma with head injury, noted tha t 
there w a s a marked d iscrepancy be tween the CT scan appea rance and the 
clinical s t a t e . The CT scan did not reveal the p resence of any focal lesions 
in s o m e pat ients w h o had a poor ou t come . But on closer examination of 
t he CT scan he noted tha t , in addition to the d i f fuse cerebral swelling, there 
w e r e small focal haemor rhages particularly in the corpus callosum. On 
pos tmor t em examinat ion, t h e s e pat ients were found to have had shearing 
injury of the whi te mat ter . 
The adven t of high resolution CT scan made these 
haemor rhages easily de tec tab le (Gentry, Godersky and Thompson et al, 
1 9 8 8 ; Nakazawa et al, 1989; Yokota et al, 1989; Wilberger et al, 1990) . 
Wilberger et al, (1990) reviewed the CT scan findings of 6 0 0 head injury 
pa t ients with acu te t i ssue tear haemorrhages in the brain. They noted that 
t he incidence of acu te t issue tear haemorrhages w a s about 8 % . The 
au thor s documen ted a 7 % incidence of t issue tear haemorrhages on CT 
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s c a n in t he whole group and a 1 4 . 4 % incidence in the pat ients with GCS 
3 -7 . They also compared MRI results on 10 c a s e s and found tha t MRI is 
more sensi t ive than CT scan . 
In Loboto et a l ' s s tudy (1983) a 1 5 . 3 % incidence of acu te 
t i s sue tear haemor rhages w a s recorded but the s a m e author recorded a 
2 9 . 4 % incidence in his 1 9 8 6 s tudy (Corbodes and Lobato et al, 1986) . The 
au thors also compared CT findings with MRI findings. The authors 
concluded tha t MRI w a s superior to CT scanning in the detect ion of t issue 
tear haemor rhages . Many contemporary J a p a n e s e radiologists agree with 
this v iew (Fumeya et al, 1990 ; Nakazawa et al, 1989 ; Yokota et al, 1989) . 
Marshall et al (1991) introduced a n e w classification for head 
injury based on CT findings and a t t empted to correlate the clinical findings 
with the o u t c o m e of the pat ients . Their intentions were to classify the 
c a s e s more a c c u r a t e l y j n order to identify the pat ients w h o are particularly 
at risk and to predict the ou t come accurately . The total number of ca se s 
s tudied w a s 7 4 6 and this, by far, w a s the largest group of head injury 
c a s e s tha t has been s tudied. The results showed a very close relationship 
b e t w e e n the o u t c o m e and the initial CT scan diagnosis (P = 0 .0002) . 
Pat ients who , on the first CT scan, were found to have lesions had a poor 
o u t c o m e . This classfication helped in identifying pat ients w h o were at high 
risk, eg: d i f fuse injury with brain swelling and midline shift . The ou tcome 
of t h e s e pat ients were similar to the ou tcome of the pat ients with acute 
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haemorrhag ic m a s s lesions of the brain. However , in this s tudy, DAI ca se s 
w e r e not s tudied seperat ly and hence the role played by DAI in the ou tcome 
w a s not clear. 
In Cordobes et a l ' s s tudy (1986) of 78 c a s e s with DAI, the 
criteria for t he diagnosis of DAI on CT scan w a s the p resence of small 
in t raparenchymal haemor rhages of less than 2 0 mm and/or the p resence of 
intraventricular haemorrhage , in the a b s e n c e of focal mas s lesions or 
midline shif t . The o u t c o m e of t h e s e pat ients w a s poor. Only 4 pat ients 
had good recovery, 2 4 pat ients had modera te and severe disabilities, 12 
pa t ients we re in pers is tent vegeta t ive s t a te and 38 we re dead . 
According to their observa t ions , t he ICP remained within 
normal limits in DAI pat ients w h o showed normal ventricles and cisterns 
on CT scan , at the time of admission to hospital . They sugges ted that 
in t h e s e c a s e s ICP monitoring can be safely omit ted. The authors also 
found tha t 2 0 % of the severe head injury c a s e s had DAI lesions detectable 
on CT scan , In varying degrees of severity. These c a s e s had low GCS 
score and prolonged coma and they carried a poor ou tcome second only to 
t h e pat ients with subdural haema toma . They concluded that brain-stem 
haemor rhages and associa ted generalized brain swelling of ten resulted in 
raised ICP and worsened the prognosis . 
Sahuquillo-Barris et al (1989) wen t one s tep further in 
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s tudy ing DAI c a s e s in s e v e r e head t r a u m a . Their c a s e s w e r e se lec ted f rom 
9 2 pa t i en t s with head injury w h o had unde rgone CT s c a n within 2 4 hours 
of injury. A m o n g t h e 3 5 se lec ted c a s e s 2 4 had varying d e g r e e s of DAI 
les ions . The a u t h o r s classif ied t h e s e c a s e s , accord ing to t h e sever i ty of 
les ions, a s fo l lows : 
1. Focal les ions (subdural , ext radural , con tus ions ) . 
2 . Dif fuse brain injury (DBI) - No m a s s lesion p r e s e n t . 
DBM - No abnormal i ty on CT scan e x c e p t subarachno id 
h a e m o r r h a g e . 
DB卜II - Dif fuse brain swelling with or wi thou t subarchnoid 
h a e m o r r h a g e , partially or comple te ly obli terated basal 
cis ter 门 s . 
DBI-III - DBI-I+ II and single or multiple intracerebral h a e m o r r h a g e less 
t han 2 cm in d iameter or IVH. 
The a u t h o r s found more axonal d a m a g e in DBI - III group than 
in o the r g r o u p s and they s u g g e s t e d tha t CT finding on admiss ion w a s an 
impor tan t indication for t he prediction of t he pa t i en t s ' o u t c o m e . In this 
s t u d y , a l though t h e sample size w a s small, t he au thor s we re able to 
cor re la te t h e CT f indings, clinical f indings and the histological f indings. The 
a u t h o r s conc luded tha t subdural h a e m a t o m a , basal ganglia haemor rhage or 
ex t radura l h a e m o t o m a , w h e n assoc ia ted with DAI, gave the pat ients a poor 
p r o g n o s i s . T h e s e f indings we re compat ib le with Marshall et a l ' s and 
C o r d o b e s et a l ' s f indings. 
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According to Levi et a l ' s (1990) s tudy of 100 DAI c a s e s which 
w e r e d iagnosed on radiological signs, multiple lesions were more common 
in adul ts (P = 0 . 0 1 9 ) and there w a s no correlation be tween the number of 
lesions and t he clinical condition of the patient . After 3 months , 28 
pa t ients w e r e found to have a good recovery, 13 were left with modera te 
disability, 3 4 we re left with severe disability and 5 were in a vegeta t ive 
s t a t e . The au thors concluded tha t advanced age , low G a s g o w Coma Scale 
on admission, p r e sence of papillary d i s turbances , p resence of multiple DAI 
lesions, assoc ia ted intracranial mas s lesions, generalised brain swelling and 
the p re sence intraventricular haemmorrhage are associa ted with poor 
prognosis . The au thors sugges t ed tha t the p resence of DAI is generally 
assoc ia ted with poor prognosis . Their observat ions were based entirely on 
radiological s igns and there w a s no pathological correlation. 
McLellen et al <1986) studied 25 c a s e s w h o were in a 
vege ta t ive s t a t e for at least 1 month following severe non-missile head 
injury. There were 22 pat ients with DAI arid 10 c a s e s with hypoxic brain 
d a m a g e . Only one patient had lesions confined to the brain s tem 
sugges t ing tha t pat ients with brain s tem lesions, following herniation, rarely 
survived for long periods. 
Analysis of t he se s tudies (Marshall et al, 1991 ； Cordobes et 
al, 1986 ; Sahuquillo-Barris et al, 1989; Levi et al, 1 9 9 0 and McLellen et al, 
1986) s h o w the importance of associa ted lesions in the ou tcome of DAI 
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pat ien ts . However , the role played by DA! in the ou tcome is still not clear. 
Most of t he research carried out so far are re t rospect ive . Planned s tudies 
with a good clinical pathological correlation for fur ther investigations are 
n e c e s s a r y for us to have a bet ter unders tanding of the spec t rum of DAI. 
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GROSS PATHOLOGICAL LESIONS IN DIFFUSE AXONAL INJURY 
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Fig. 2 .1 : Haemorrhagic lesion in the left h ippocampus , a gliding 
contus ion in the right parietal lobe and a haemorrhagic lesion 
















































































Fig.2.3: Contus ions on the base of both frontal lobes and a gliding 
contus ion in the left frontal lobe. 
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Chapter 3 
OBJECTIVE OF THIS STUDY 
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During the last decade , a substant ial amoun t of research work 
has been carried out on DAI. Although DAI w a s initially described by 
pathologis ts , clinicians and radiologists too have a t t empted its diagnosis. 
This has not a lways been simple b e c a u s e of the differing limitations of 
c i r cums tances under which each had to work. The pathologists could 
d iagnose DAI only on fatal c a se s , on morphological grounds , by examining 
t he brain and by microscopic examinat ion. Hence, for the managemen t of 
living pat ients , the clinicians had to depend on the radiological diagnosis 
ins tead . But they could not depend entirely on radiological diagnosis either, 
s ince it could only be made on the identification of haemor rhages in the 
co rpus cal losum, brain s t em or ventricles (Cardobes et al., 1986 ; Levi et al., 
1990) and such haemor rhages generally occurred only at the severe end of 
the spec t rum (Adams et al, 1989) . 
Previous s tudies on DAI were carried out retrospectively with 
no s tandardizat ion of the sampling of the brain or s ta ins used. There w a s 
no compar ison of the s ta ins used or the extent of damage in the af fec ted 
regions. 
As described in Chapter 2, previously, DAI w a s thought to be 
p resen t only in pat ients who had no lucid interval or f rac ture of skull. 
However , lately, there have been increasing numbers of c a s e s where DAI 
w a s reported in spite of the presence of lucid interval and skull f racture . 
In the early s tudies , some of the DAI ca se s may not have been diagnosed 
b e c a u s e sampling of the brain w a s confined to those areas of the brain 
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where , classically, DAI w a s though t to occur . 
The primary aim of the presen t s tudy is to examine the brains 
of DA丨 c a s e s by comprehens ive sampling and to correlate the pathological 
f indings with the clinical and radiological findings .By extending the 
sampling to all the important a reas of the brain, I expec t to identify those 
a r e a s which may not have been covered fully by previous s tudies but where 
the possibility of locating DAI lesions are never the less high. This is 
expec t ed to be helpful in the practical diagnosis of DA丨 a s well as in 
facilitating fu tu re s tudies on DAI c a s e s . 
In mos t of the s tudies carried out in the pas t , axonal balls were 
identified on sec t ions stained with silver s ta ins . Immunostaining w a s 
introduced only in recent t imes (Blumbery et al, 1989 ; Gulkekiri and Smith, 
1992)bu t this method has only been performed haphazardly.There has not 
been any sys temat i c compar ison with conventional silver staining. Myelin 
degenera t ion has not been described in previous s tudies , al though its 
p re sence w a s quite common place, even in some of the c a s e s in my 
pract ice. Hence, I expec t to examine different regions of the brain with a 
v iew to quantifying axonal and myelin damage using axon and myelin 
s ta ins . 
In this s tudy, an axonal count w a s taken for the comparison 
of the ex ten t of axonal damage . In previous s tudies, axonal damage has 
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never been quantif ied, a l though Crooks (1991) has introduced this idea. If 
t h e axonal d a m a g e is not quantif ied, the observat ion would be subject ive. 
In order to be more objective, the axonal d a m a g e in various regions of the 
brain will be compared quantitatively by counting the axonal retraction balls. 
The s a m e method will be used in count ing the myelin globules for the 
a s s e s s m e n t of the degree of myelin degenera t ion . While the major 
object ive in the quantif ication of axonal retration balls and myelin globules 
is to compare the different a reas of the brain for the ex ten t of axonal 
d a m a g e and myelin degenera t ion , another aim is to compare the sensitivity 
of ant i -neurof i laments and Glees and Marsland Silver Stain in the 
identification of axonal d a m a g e and Luxol f a s t blue and anti-myelin basic 
protein s ta ins for the identification of myelin degenera t ion . 
For a s tudy to be complete , the clinical history , clinical 
f indings, t he radiological findings and the ou t come should be correlated 
with the au topsy f indings .Hence, an accura te history of each patient will be 
obtained f rom the clinicians. In this s tudy , the clinical findings, the gross 
pathological f ea tu res , the contusion index, the rate of degenerat ion, the 
axonal retraction ball count (which measu res the severity of axonal damage) 
and the myelin globule count (which measures the degree of myelin 
degenera t ion) will be correlated. 
In summary the aims of this s tudy are to carry out a planned 
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a u t o p s y invest igat ion on non-missile head injury with a clinico-pathological 
correlat ion, to sys temat ica l ly invest igate the morphological s p e c t r u m of DAI 
and to ach ieve t h e following specif ic objec t ives : 
1. To identify all possible s i tes for DAI. 
2. To c o m p a r e the senst ivi t ies of histological and immuriohistochemical 
s t a ins in de tec t ing axonal d a m a g e and myelin d a m a g e . 
3 . To a s s e s s axonal and myelin d a m a g e by comprehens ive 
sampl ing of d i f ferent regions of the brain. 
4 . To quant i fy the axonal and myelin d a m a g e tha t occur 
in var ious regions of t he brain. 
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CHAPTER 4 
MATERIALS AND METHOD 
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T w e n t y - t w o c a s e s were se lected for this s tudy , twen ty -one of 
which w e r e of pat ients w h o died of head injury at Prince of Wales Hospital, 
Shat in, Hong Kong. These c a s e s fulfilled the diagnost ic criteria of DAI 
descr ibed by A d a m s (1989) . One c a s e (case no. 22) w a s provided by the 
Forensic Pathologist , Dr. K.L. Hou. The following clinical details were 
provided by neu rosu rgeons at the time of au topsy :-
1 Age and sex of the patient . 
2. Nature of injury. 
3. P resence of f rac ture of skull. 
4 . P resence of subdural h a e m a t o m a . 
5. Approximate duration of survival s ince injury. 
6. CT scan appe rance . 
7. Lucid interval* 
8. Glasgow Coma Scale on admission. 
9. Operative intervention, if any. 
10. History of epileptic, hypoxic and hypotensive 
episodes . 
11. Results of ICP monitoring and approximte 
average intraventricular pressure . 
The au tops ies were carried out by pathologists at Prince of 
Wales Hospital. External injuries and the skull were examined at the time 
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of t he a u t o p s y . The p re sence of any skull f rac ture , subdural haematoma , 
extradural h a e m a t o m a , and subarachnoid haemorrhage w a s noted . The 
brains w e r e removed and su spended in 2 0 % formalin saline by a string 
pas sed th rough the basillar ar tery. 1 a t t ended the cut-up of all t h e s e brains 
2 w e e k s a f te r formalin fixation. Any compress ion of ventricles, herniation 
of t he cirigulate gyrus under the falx cerebri and tentorial herniation were 
noted in each c a s e . Special a t tent ion w a s paid to identifying lesions that 
occurred in DAI such as haemor rhage In the corpus callosum, rostral brain 
s t e m and superior cerebellar peduncles . Other intracranial lesions tha t 
occurred in DAI such as gliding contus ions , basal ganglia haemorrhage and 
intraventricular haemor rhage were also noted. The contus ion index w a s 
calculated according to Adams et a l (1985) . Pho tographs were taken for 
clinical and medicolegal records . 
Seven teen blocks were taken in each c a s e : mesencephalon at 
t he level of t he third nerve (1 block), upper half of the pons (1 block), 
posterior limb of internal capsule (2 blocks), cerebral white matter of each 
frontal , parietal and temporal lobes (6 blocks), fornix (1 block), splenium of 
the co rpus cal losum at the junction to the cerebral white matter (2 blocks) 
and globus pallidas (2 blocks). Hippocampus and the parahippocampal gyri 
w e r e also sampled for the a s s e s s m e n t of raised intracranial pressure and 
hypoxia . Obvious haemorrhagic a reas were avoided as much as possible. 
All blocks were routinely processed and embedded in paraffin 
and 6 micrometer thick sec t ions were cut . For sec t ions of each block, the 
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following 5 s ta ins we re employed separa te ly . 
1. Hematoxylin and eosin. 
2. Immunoperoxidase preparation for neurofi lament 
protein using avidin-biotin-peroxidase complex 
(ABC) method . 
3. Glees and Marsland silver stain for axons . 
4 . Luxol f as t blue for myelin. 
5. Immunoperoxidase preparation for myelin basic 
protein using the peroxidase-ant i -peroxidase (PAP) 
method . 
Normal brains were used as positive controls . Normal mouse 
se rum and swine se rum subs t i tu ted the primary ant ibody as negative 
control for ant i -neurofi lament and anti-myelin basic protein stains 
respect ively. 
Avidin-Biotin- Peroxidase Complex Method for Neurofilaments 
After the sec t ions were dewaxed in xylene, and brought to 
wa t e r , e n d o g e n o u s peroxidase activity w a s blocked by methanolic hydrogen 
peroxidase for 25 minutes . The sect ions were then trypsinized in preheated 
trypsin solution at 37 degrees Celsius for 25 minutes. After washing off 
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t rypsin with t a p w a t e r and then with Tris buffer , the sec t ions were 
incubated in 5 % normal rabbit se rum in Tris buffer saline (TBS) for 10 
minutes . After the rabbit se rum w a s drained off , t he sec t ions were 
incubated in primary m o u s e ant i -human neurofi lament proteins 7 0 , 2 0 0 KD 
(Dako 1:80) for 4 5 minutes . After carefully wash ing the sec t ions with Tris 
buf fer (3 c h a n g e s , 10 minutes each) , the sec t ions were incubated in 
biotinylated rabbit anti- mouse immunoglobulin (Dako 1:200) for 35 
minutes . After th ree fur ther w a s h e s with Tris buffer the sec t ions were 
incubated for 4 5 minutes in the preformed ABC Complex (Dako). This w a s 
fol lowed by wash ing with Tris buffer in 3 c h a n g e s . Sect ions were then 
developed in diaminobenzidine (Dako) solution for 5 - 1 0 minutes , with 
periodical microscopic checking. Finally, the sec t ions were w a s h e d in tap 
wa te r , counte rs ta ined with Harris hematoxylin for 1 -2 minutes , dehydrated 
th rough graded alcohol and mounted in Permount . 
Peroxidase-antiperoxidase Method for Myelin Basic Protein 
The sec t ions were dewaxed and brought to water . 
Endogenous peroxidase activity w a s blocked by immersing in methanolic 
hydrogen peroxidase for 25 minutes . The sect ions were then washed with 
t a p w a t e r followed by Tris buffer . Sect ions were then trypsinized in 
p rehea ted trypsin solution at 3 7 degree Celsius for 25 minutes. Trypsin 
w a s w a s h e d a w a y with tap water and Tris buffer . Then the sec t ions were 
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incubated in normal rabbit se rum in Tris buffer for 10 minutes . The 
sec t ions w e r e drained and incubated with rabbit ant i -human myelin basic 
protein (Dako 1 :100) for 2 4 hours at room tempera tu re . After washing the 
sec t ions 3 t imes more with Tris buffer , for 10 minutes each time, the 
sec t ions w e r e incubated with swine anti-rabbit immunoglobulins (Dako 
1:50) for 2 5 minutes . The sec t ions were w a s h e d again in Tris buffer 3 
t imes for 10 minutes each and were incubated in rabbit peroxidase-anti-
peroxidase complex (Dako, 1 :100) for 25 minutes . The sec t ions were 
w a s h e d again in Tris buffer (3 changes , 10 minutes each) , developed in 
diaminobenzidine (Dako) for 5 - 1 0 minutes (checking periodically with light 
microscope) , w a s h e d in t ap water , counters ta ined with Harris hematoxylin, 
dehydra ted through graded alcohol arid were finally mounted with 
Permount . 
Luxo! Fast Blue Stain for Myelin 
The sec t ions were first immersed in 9 5 % alcohol and were 
s ta ined with Luxol f as t blue for 2 -3 hours at 37°C. They were then rinsed 
in distilled wa te r and differentiated in 0 . 0 5 % aqueous lithium carbonate 
until t he background lightened. They were checked periodically under the 
microscope . Reaction w a s s topped by rinsing in distilled wate r . This w a s 
fol lowed by staining with routine hematoxylin and eosin stain, and mounting 
with Permount . 
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Glees and Mars/and Silver Stain for Avnn^ 
After w a x w a s removed with xylen the sec t ions were brought 
th rough graded alcohol. They were then w a s h e d with distilled water and 
Placed in 2 0 % silver nitrate for 1 -1 /2 to 2 hours at 50°C. After washing 
with 1 0 % formalin 3 t imes, each time for 1 minute, they were flooded with 
ammoniaca l silver solution for 1 -2 minutes . Silver solution w a s then 
drained off and the sec t ions were flooded with 1 0 % formalin for 1-2 
minutes . Staining with ammoniacal silver solution followed by washing 
with formalin w a s repea ted , when necessa ry . Sect ions were then washed 
in distilled wa te r , fixed in 5 % sodium th iosulphate for 1-5 minutes , washed , 
dehydra ted and were mounted in Permount . 
Quantification of Axonal and Myelin Damage 
In the hematoxylin-eosin stained slides, an a t t empt w a s made 
to identify axonal retraction balls or myelin damage . The areas of 
haemor rhage , o e d e m a , hypoxic c h a n g e s and axonal damage were noted but 
w e r e not quantif ied. Axonal retraction balls (swellings of axons forming 
balls a t t ached to axons at one end, stained positively with either 
neurof i lament or Glees and Marsland stain) greater than 3 0 micrometers in 
d iameter were counted in 5 high power fields in the X 4 0 0 magnification 
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of a Nikon Labophot-2 microscope w a s used and the counting w a s confined 
to a r ea s of h ighes t concen t ra t ions of axonal balls. The average count per 
high power field w a s recorded. In the s a m e manner , myelin globules 
p roduced as a result of myelin d a m a g e were also counted in the slides 
s ta ined with Luxol f a s t blue and anti-myelin basic protein. Myelin globules 
(ovoid bodies positively stained with Luxol f a s t blue or myelin basic protein) 
of over 2 0 micrometers in diameter were coun ted . An average per field 
w a s calculated similar to axonal retraction balls. Axonal disruption defined 
a s to r tuous , var icose , swollon axons wi thout formation of definite axonal 





/. Clinical Findings and Gross Pathology :-
The clinical histories of t he pa t ien ts are summarized in Table 
1. In this ser ies of blunt head injury c a s e s , the re w e r e 12 caused by falls, 
7 by road t raf f ic acc iden t s , 1 by collapsing and falling, 1 by an object 
falling on t h e head and 1 by assau l t making up a total of 22 . 
In six c a s e s ( cases 1, 2, 3, 7, 9 & 11) a lucid interval w a s 
p r e s e n t and in t w o c a s e s ( cases 19 & 21) its p r e s e n c e w a s not known. 
The remaining 1 4 c a s e s did not exper ience a lucid interval. The a g e s of 
pa t i en t s ranged f rom 9 - 9 5 yea r s and their distribution w a s a s fol lows :-
Age group (years) No. of c a s e s 
0 - 2 0 1 
2 1 - 4 0 7 
4 1 - 6 0 5 
6 1 - 8 0 6 
> 8 0 3 
The durat ion of survival ranged f rom less than one hour to 15 
m o n t h s . There w e r e t w o c a s e s of prolonged survival, one for 6 months 
(case 14) and t h e o ther for 15 m o n t h s (case 3). In one c a s e (case 22) 
w h e r e t h e pa t i en t ' s head had been banged agains t a 丨amp pos t , dea th 




‘GIiINICAL HISTC?、’： OF TH2 PATIZNTS 
: C a 5 e ^ "~History Duradoa o f ~ G C S . Lucid Fraccure of ； 
: N o - : Survival Interval Skull ； 
: 1 1 34/F 1 Slipped and fell | 24 hours j 3,6 T ： ； 
； 2 I 67/M [ Slipped and fell 2 days | NK ？ ； 1 
: 3 丨 66/M Fell in the screst 15 moachs""” 14 ？ ~ ； 
1 I * 
; 4 I 36/M Collapsed and fell 2 hours | NK | _ • . | ~ Z 1 
； 5 50/M RTA-driver 12 hours ？5 I 
； 6 73/M Slipped and fell 5 days U | : : I | 
； 7 95/M Collapsed and fell 6 hours . 4 I “ Z 11 
!""“8 31/F RTA-back seat 17 hours 6^3 : ： | ? 
I passenger | 
j 9 35/M Fell from a 6 feet 5 days 3 T T I 
• height , I j 
I 1 0 24/M""“Drug addict found 3 days 3 “ ？ ！ 
j unconcious in the H 
‘ toilet j ; 
I 11 88/F~ fail 一 13 days 11 + - ！ i 
； 12 52/M RTA-pedestrian 8 days 5 : j - ； | 
. 13 35/M Consnraccion 2 hours 13 - -r j j 
I worker -fell from | 丨 
！ the 3rd floor ' • I 
I 14 50/M Consiructioa 6 months 11 - + 
i worker -fell from ！ 
j the 3rd floor j ！ 
I 15 35/M RTA-pedestrian 2 days 3 : | 3 | 
I 16 51/M Fell from a 丄adder 15 days 14 - + j 
s 6 feet high ； 
！ | , - -
•» 
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Case Age/ History Duration of ~ G C S " " Lucid . . ~Fraccure of I 
No. Sex ‘ Survival Interval Skull | 
17 72/M ""“RTA-pedestrian ~ 2 4 hours 3 I ： 
18 9/F An object fallen 7 hours 3 I Z 
oa the head 
~ 1 9 74/M RTA-cyclist, 7 days 4 NK ‘ T 
knocked down 
20 77/M Found collapsed 3 hours 4 I + 
probably knocked •‘ 
down by a car in • 
the street 
—21 72/M RTA 10 hours 5 NK — + 
\ 22 38/M Assault < 1 hour — NK - -
RTA - Road traffic accident 
GCS - Glasgow Coma Score 
� NK - Not Known 
\ 
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• TABLE 2 
� E S S E N T I A L PATHOLOGICAL FINDINGS OF STUDY CASES 
I Case Macroscopic C.I. Subdural Evacuation Hypocensive ICP 
No. findings and weight Haematoma of SH episodes 
of the brains (SH) 
1 Contusions RFL, ""“6 + + + 70 mm Hg 
RTL; haematoma -
CC，BS ； 1220g 
2 Contusions RPL; 0 + I T~ ^Jg 
haematoma - RFL, •• 
RPL; MBS ； 1090g — 
3 Contusions - LFL, 1 + + + 30 mm 
LTL; IVH; 1270g 
4 Contusions - LFL, 14 - : n d 
RFL, haematoma - � 
LFL, RFL; 124Qg ； • 
5 Contusions - LFL, 14 + + + 50 mm Hg 
LTL, cerebellum; 
BS 1340g 
6 Contusions - LTL, 25 : - “ ND 
RTL; haematoma -
CC; BS ； 1280g , 
7 No contusion, no 0 + - - ND 
haematoma; 945g ; 
~ 8 Contusions - LFL, 2 ~ + + 60 mm Hg 
LTL; 1487g � 
""”9 Contusion - 0 Extra durai - + 20 mm Hg 
cerebellum 
haematoma - RFL, 
CC; BS; IVH 
1750g 
10 Contusions - LFL, 12 + : - ND 
LTL; MBS; 1645g 
~~Tl Contusions - LFL, 16 “ ^ - 恥 
LTL, Cerebellum 
1212g 
~12 Conmsions - RFL, 16 + : + 4 0 _ 7 0 ^ 
RTL, Cerebellum， 
GC - LFL; 1250g 




14- I Necrosis - ~TL. L?L 
I 
I 
15 Conrusions - RTL, 
I Cerebelluxu; IV1{; i 
i haematoma - LPL \ 
CC: ~fBS: 1310g 
I 16 Conrusions - LFL, 
I RFL, LTL; 1-fBS; I 
I 1285g 
I 17 Conrusions - LFL, I 
RFL, MBS; 1613g 
I 18 Conrusions - RFL, 
I RTL. RPL; GC -RPL I 
I 
19 Conrusions - RTL, 
Cerebellum; GC -
RFL; haematoma CC; 
BS 1340g 
. 20 Conrusions - RTL, 
LFL, GC - RPL, 
MBS; 1336g 
21 GC - LFL, LTL, 
haematoma - CC 
22 Severe odema only 
rcp - intra cranial pressure 
cr - contusion index 
LFL - left frontal lobe. 
RFL - right frontal lobe 
LPL - left parietal lobe 
RPL - right parietal lobe 
L TL - left temporal lobe 
RTL - right temporal lobe 
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CC - small haemorrhage in the corpus callosum of DAI type 
IVH - inrraventricular haemorrhage 
GC - gliding contusion 
ND - rcp monitoring not done 









MBS- midline brain stem haemorrhage secondary to raised intracranial pressure 
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• Duration of Survival No. of Cases 
Less than 6 hour 5 
7 - 1 2 hours 3 
1 2 - 2 4 hours 3 
2 days 2 
3 -7 days 4 
7 - 1 4 days 2 
15 days 1 
> 6 mon ths 2 
The Glasgow Coma S c a l e � G C S ) on admission ranged from 3 
to 14, with the majority a t the lower end of the scale . In one patient the 
GCS w a s not recorded (case 22) as he w a s dead on arrival at the hospital. 
GCS No. of Cases 
< 5 12 
6 - 1 0 1 
10-15 6 
Essential pathological findings are summarized in Table 2. 
Thirteen c a s e s had subdural h a e m a t o m a s and 2 had extradural 




SUMMARY OF HAEMORRHAGIC LESIONS OF THE BRAIN 
J 通 1 1 1 1 “ ‘ 11 1 1 丨•丨 I M M M M P ^ B — B G ^ ^ ^ ^ M ^ ^ ^ H P — I 丨丨 _ • • G G G G G A M G ^ W ^ ^ - P ^ ^ — I I I , — — — ^ ― 
Macroscopic Microscopic Total 
Haemorrhage haemorrhage haemorrhagic 
lesions 
CC — 7 ‘ 3 — 10 
SCP 7 1 一 8 一 
Mesencephalon 5* 2* 7 
Pons 5* “ 2* 7 
Fornix 5 - 5 
IC 2 — - 2 — 
GP 2 2 
White matter 十 - - 0 
n 二 22 
IC - Internal capsule 
SCP - Superior cerebellar peduncle 
CC - corpus callosum 
GP - Globus paliidus . 
* Not including brainstem haemorrhage secondary to raised intracranial pressure 
+ Not including large intracerebral haematomas 
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The s u m m a r y of haemorrhag ic lesions on t he brain, Table 3, 
s h o w s t h a t t h e a r e a s w h e r e h a e m o r r h a g e occurred mos t f requent ly were 
t h e c o r p u s ca l losum (10 cases ) , fol lowed by superior cerebellar peduncle (8 
c a s e s ) and m e s e n c e p h a l o n and pons (7 ca se s ) . Midline brain s t em 
h a e m o r r h a g e s c a u s e d by raised intracranial p res su re w e r e not included. 
The a r e a s w h e r e h a e m o r r h a g e s w e r e least f requent ly see门 w e r e t he globus 
pallidus (2 ca se s ) and t h e internal capsu le (2 ca se s ) . 
In examining the formalin-fixed brains, the majority we re found 
to have con tus ions , t he con tus ion indices ranging f rom 0 to 2 5 points 
(mean con tus ion index = 6 .41) . The con tus ions w e r e found more 
f requen t ly in t h e frontal lobes and temporal lobes and less f requent ly in the 
parietal lobes and the cerebel lum. Due to necrot ic t i s sue undergoing 
a l tera t ions and organizat ion, t h e ex t en t of the con tus ions could not be 
a s s e s s e d in t h e t w o c a s e s with long survival (cases 3, 14). Both t he se 
pa t i en t s had long t r ac t degenera t ion in keeping with the f ea tu re s of DAI. 
There w e r e 5 pa t ients with no con tus ions of the brain 
(contus ion index = 0). T w o of t h e m had no gross pathological f ea tu res of 
t h e brain. The o ther 3 pa t ients had the following distribution of focal 
lesions in t h e brain. 
7 5 
No. of Pat ients 
Haemorr rhage on the corpus cal losum 2 
Intraventricular haemor rhage 2 
Brain s t e m haemorrhagic lesions 2 
Intracerebral h a e m a t o m a 2 
Gliding con tus ions 1 
The severi ty of the con tus ions as quantified by the contusion 
index did not correlate well with the ou t come of t h e s e pat ients . Out of the 
5 pa t ients w h o did not have contus ions of the brain, 3 survived for less 
than 10 hours and the o thers survived for 2 days and 5 days respectively. 
In this series, there were 4 pat ients w h o had intraventricular 
haemor rhage , t w o of t h e s e wi thout any contus ions of the brain. 
II. Staining Methods and Microscopic Findings :-
One of the object ives of this s tudy as s ta ted in Chapter 3, is 
to examine sensitivity of staining me thods used in identifying DAI lesions. 
The mean and the s tandard deviation of axonal retraction ball count and 
myelin globule coun t in different regions of the brain are shown in Tabe 4 . 




















































































































































































































































































































































































































































































axon at one end, positively stained with neurof i laments and Glees and 
Marshland s ta ins They occurred along fibre t rac ts , somet imes with an 
e m p t y core in varying s izes .The axonal retraction ball coun t in a given 
sec t ion w a s a lways found to be higher w h e n stained with anti-
neurof i lament than w h e n stained with Glees and Marsland. In sect ions 
s ta ined with ant i -neurofi lament , axonal retraction balls were readily 
identifiable and the background staining w a s minimal. In the sect ions 
s ta ined with Glees and Marsland, the axonal balls were not as well defined 
a s t h o s e observed in the neurofi lament immunosta in . The nuclei and 
corpora amylacia we re also stained by Glees and Marsland making the 
interpretat ion difficult. 
As can be seen in Table 4, axonal ball coun t w a s found to be 
highest in the superior cerebellar peduncle (3c 二 2 .64) , the corpus callosum 
(x = 2 .22) , t he internal capsule (x = 2 .22) and the pons [x = 1.97) using 
neurof i lament immunostaining. In compar ison , the mean axonal refraction 
ball c o u n t s obtained f rom Glees and Marsland stain were corpus callosum 
(0.96) , fol lowed by internal capsule (0.93) and superior cerebellar peduncles 
( 0 . 7 4 ) . 
The mean axonal retraction ball coun t s taken by the t w o 
staining m e t h o d s s h o w e d a statistically significant difference in many 
regions of t he brain (p < 0 .1 for corpus callosum, superior cerebellar 
peduncle , pons and fornix, p < 0 . 5 for white matter , internal capsule and 
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m e s e n c e p h a l o n ) . 
The resul ts of t h e axonal retract ion ball coun t and the myelin 
globule c o u n t carried ou t in ant i -neurof i lament stain and Luxol f a s t blue 
respec t ive ly are s h o w n in Table 5, s eg rega t ed into 3 g roups according to 
t h e c o u n t : namely , less t han 5, 5 - 1 0 and more than 10 per high power field 
(HPF). A c o u n t of less than 5/HPF ref lec ts a mild axonal / myelin injury, 5-
10/HPF ref lec ts a m o d e r a t e injury, and a coun t more than 10/HPF field 
re f lec ts s e v e r e axonal / myelin injury. 
Seve re axonal injury had occurred mos t f requent ly in the 
internal c a p s u l e (3 ca se s ) and in the superior cerebellar pedunc le (3 cases ) . 
Al though the re w e r e 14 c a s e s w h o had axonal injury in the corpus 
ca l losum, 9 c a s e s had mild axonal injury only. Four c a s e s had modera te 
injury and only 1 c a s e had seve re injury. 
Axonal retract ion balls we re mos t f requent ly s e e n in t he corpus 
ca l losum (14 ca se s ) , interna丨 capsu le (13 cases ) , superior cerebellar 
pedunc le (11 ca se s ) and whi te mat te r (11 cases ) , They were less 
f requen t ly s e e n in t he m e s e n c e p h a l o n (4 cases ) , pons (5 cases ) and fornix 
(3 c a s e s ) . Seve re axonal injury with a coun t of more than 10/HPF w a s seen 
most ly in t h e internal capsu le (3 cases ) and in the superior cerebellar 
pedunc le (3 c a s e s ) . Axonal disruption ( tor tuous, var icose and swollen 


























































































































































































































































































































































































































































































































































































































































micrometer) w a s seen mos t f requent ly in the superior cerebellar peduncle, 
t he fornix and the whi te mat ter . In this s tudy, they were not quantified. 
Myelin globules occurred as c lusters of small globules or as 
isolated small globules staining positively with Luxol f as t blue and anti-
myelin basic protein. Myelin globules were more readily de tec tab le with 
Luxol f a s t blue stain than with anti-myelin basic protein. In the sect ions 
s ta ined with myelin basic protein the degenera ted myelin globules were less 
visible due to the high background staining. However , statistical analysis 
did not s h o w any significant d i f ference b e t w e e n the myelin globule coun t s 
in the t w o different me thods in any of the regions coourited (p < 0 .2) . 
Degenera ted myelin globules were seen more commonly in the 
internal capsu le (6 cases ) and to a lesser ex ten t in the corpus callosum (3 
cases ) , whi te mat te r (2 cases ) , superior cerebellar peduncles (2 cases) and 
brain s t em (2 cases ) . 
The incidence of axonal and myelin lesions in different regions 
of the brain, p resen ted in Table 6 s h o w s that , in the sec t ions stained with 
ant i -neurofi lament stain, the mos t a f fec ted areas are the corpus callosum 
(72%) followed by internal capsule (59%) and the white matter (48%). The 
incidence of axonal lesions w a s lower in the sec t ions stained with Glees 
and Marsland (corpus callosum - 3 6 % , pons and internal capsule - 2 7 % and 
superior cerebellar peduncle - 20%) . 
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As s e e n f rom Table 6, d e g e n e r a t e d myelin globules in the 
s e c t i o n s s ta ined with Luxol f a s t blue w e r e mos t f requent ly de t ec t ed in the 
internal c apsu l e (39%) , m e s e n c e p h a l o n (32%) and co rpus cal losum (32%). 
In t h e s ec t i ons s ta ined with anti-myelin basic protein t he pat tern w a s 
similar. The co r respond ing f igures for t h e s e 3 regions w e r e 3 2 % , 2 7 % and 
3 0 % respec t ive ly . 
The pa t te rn of axonal ball coun t w a s di f ferent f rom pat ient to 
pa t ient . In s o m e c a s e s t he occu r r ence of axonal balls w a s only a focal 
even t . In c a s e 12 axonal balls w e r e found only in t h e interna丨 capsu le and 
in c a s e 11 the re w a s a high concen t ra t ion of axonal balls in the superior 
cerebel lar pedunc l e s but a very low concen t ra t ion in o ther a reas . In c a s e 
1 3 the re w a s an axonal ball coun t of 24 .6 /HPF in the superior cerebellar 
pedunc le but none in t he o ther regions. T w o c a s e s (Nos 20 , 21) had 
s e v e r e axonal disruption in addition to axonal balls. 
III. Case Illustrations :-
In this s tudy , a f e w interesting c a s e s w e r e encoun te red . 
C a s e 2 - This 6 7 year old w o m a n w h o had a cerebral infarct, 
had slipped and fallen on the floor. She had no skull f rac ture and had 
exper i enced a lucid interval. She developed acu t e subdural h a e m a t o m a , 
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deter iora ted into a coma a day af ter admission and died a day the rea f te r (2 
d a y s a f te r t he injury). There w a s no su r face contus ion of the brain ( C . I . = 
0) but gliding con tus ions and midline brain s t em haemorrhage were present . 
There w a s microscopic axonal injury in the corpus callosum and in the 
whi te mat te r and necros is of h ippocampus and parahippocampal gyri. This 
pat ient only had Grade I DAI lesions but the other focal lesions had played 
a role in the rapid deve lopment of brain s t em haemor rhages . 
Case 15, a 3 5 year old male w a s knocked down by a car had 
fixed dilated pupils on admission, had a f rac ture of skull but experienced no 
lucid interval. The pat ient died 2 days af ter admission despi te surgical 
intervention. The contus ion index w a s only 4. There w a s subdural 
h a e m a t o m a , intraventricular haemorrhage and haemorrhagic foci in the 
co rpus cal losum which are compatible with DAI lesion. Actual axonal balls 
w e r e found only in the corpus callosum but there w a s marked axonal 
disruption in the parasagit tal white mat ter and in the superior cerebellar 
peduncle . 
Case 20 , a 77 year old man who had fallen f rom 6-foot high 
ladder had a skull f rac ture and little su r face contusion of the brain ( C . I . = 
5), gliding con tus ions and brain s t em haemorrhage . He w a s in a deep coma 
(GCS 4 /15) and survived only for 3 hours . Axonal balls were confined to 
t he co rpus cal losum but widespread axonal disruption w a s found in the 
brain s t em and in the parasagit tal white matter . 
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In c a s e s 15 and 2 0 axonal injury w a s confined only to a small 
area of t he brain, sugges t ing the importance of thorough sampling of the 
brain to d e t e c t DAI. 
Case 21 , w h o sus ta ined head injury in a road accident and died 
10 hours subsequen t ly had subdural h a e m a t o m a , microscopic haemorrhage 
in the brain s t e m and haemor rhage ih the corpus callosum but had an actual 
axonal ball coun t of less than 5/HPF. This patient also had marked axonal 
disruption th roughou t the brain. In this patient , a l though the axonal ball 
coun t w a s low the other focal lesions had caused rapid deterioration and 
dea th wwithin 10 hours of injury. 
Case 2 2 w a s an unusual presentat ion of DAI. This patient w a s 
assau l ted by repeatedly banging the head against a lamp post . He survived 
for less than 1 hour and died before reaching the hospital. He had no skull 
f rac ture , macroscop ic contus ion of the brain or intracranial mas s lesions. 
On microscopic examinat ion, he w a s found to have oedema of the brain and 
of the brain s t em and severe axonal injury. Axonal retraction balls were 
p resen t th roughou t the brain. This is the classic c a se of DAI in which 
microscopic d i f fuse axonal injury w a s severe enough to cause rapid death . 
Diffuse axonal injury being encountered in dea ths occurring within such a 
shor t t ime af te r injury has apperently not been reported. 
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Case examined in this s tudy s h o w tha t there is no correlation 
b e t w e e n t he durat ion of survival and the axonal ball count . Cases 11 and 
12 w h o had high axonal coun t s survived for 13 day and 8 days respectively 
but c a s e w h o also had severe axonal injury died with in 2 4 hours . Cases 17 
and 21 had mild degree axonal injury but they both died within 2 4 hours of 
injury. 
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PATHOLOGICAL FINDINGS OF STUDY CASES 
Fig.5.1: Haemorrhagic lesions in the genu of the 
corpus callosum (Case 15). 
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Fig. 5.2: Haemorrhagic lesion in the l e f t internal 
capsule (Case 19). 
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Fig.5.3 : intracerebral haemorrhage and a small focus 
of haemorrhage in the corpus callosum(Case6). 
Fig.5.4 :Gliding contusion in the l e f t parietal lobe 
(Case 20 ). 
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Fig.5.5 : Haemorrhage in the corpus callosum and 




Fig. 5.6: Haemorrhagic lesions in the dorsolateral 
quadrant of the upper brain stem (Case 5). 
90 
Fig.5.7: Long tract degeneration in the pons in 
a standing case of DAI (Case 14).Arrows 
show demyelinated areas. 
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MICROSCOPIC FINDINGS OF STUDY CASES 
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Fig.5.8: Peri vascular haemorrhage in the globus 
pallidas X 200 (Case 22). g Us 
L
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Fig.5.9.: Axonal retraction balls stained with 
hematoxylin and eosin in the corpus 
callosum.Note oedema in the background.X400 
(Case 12). 
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Fig.5.10.A Classic axonal retraction—ball irTthe 
corpus callosum one end attached to a 
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Fig.5.11 .-Axonal retraction balls in the internal 
capsule stained with neurofilaments.X200 
(Case 12) 
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Fig.5.13 .-Numerous axonal retraction balls in the 
superior cerebellar peduncle stained with 
with neurofilaments. X200 (Case 12). 
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Fig.5.15:Axonal retraction ball attached to an 
axon stained with Glees and Marsland in the 
corpus callosum.X400(Case 19). 
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With anti-neurofilament X200 (Casel4 )； 
Fig.5.17.Degenerated myelin globules in the internal 
capsule stained for myelin basic protein 
x400 (Case 12) 
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Fig.5.l8:Myelin globules in the superior cerebellar 
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Fig.5.19:Numerous degenerated myelin globules 
clearly visible in the internal capsule 
stained with Luxol fast blue stain. 
X200(Casel4). 
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Fig.5.20:Myelin globules occur as isolated ovoid 
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Fig.21.rMyelin globules in the white matter 





I : CLINICAL ASPECTS OF DAI : -
In this study, 22 fatal cases of DAI were studied.AII but 
one of the fourteen cases who had survived less than 2 days had a GCS 
score of less than 5 on admission. Out of the 6 patients who had a GCS 
of more than 10 on admission, one survived for 5 days, one for 13 days, 
one for 6 months and one for 15 months. These observations suggest that 
GCS on admission is an important indication for the outcome of the 
patiestablished previously by Levi et ai, (1990), Marshall et ai, (1991) and 
Gennarelli et ai, (1982a). 
The two cases who survived for 6 months and 15 months 
were in vegetative state since the injury. This is consistent with the 
suggestion made by Strich (1956) that diffuse degeneration of white matter 
is responsible for the persistent vegetative state. 
According to Adams et ai's (1982) description, patients who 
suffer DAI do not experience a lucid interval and they become unconscious 
from the time of injury. But this observation was refuted in later studies 
which suggested that the presence of DAI, although more common with 
patients who do not experience a lucid interval, can by no means be 
precluded in a patient experiencing one (Adams et ai, 1989; Sahuquillo-
Barris et ai, 1989). The results of the present study concur with these later 
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s tud ies . In this series comprised entirely of DAI ca se s , there were 5 
pa t ien ts (23%) w h o experienced a lucid interval (Table 1). 
Early s tudies carried out by Adams et al (1982 , 1989) showed 
tha t DAI w a s more commonly seen in victims of road traffic acc idents than 
in t h o s e of falls. Occurrence of DAI in assaul t victims w a s described by 
Imajo et al (1987) and Adams et al (1992) . Out of t he 22 ca se s I 
examined , only 7 c a s e s had succumbed to road traffic acc idents whe reas 
12 c a s e s had histories of fall, eight of w h o m had fallen only from their own 
height , due to slipping or collapsing, but resulting in injuries severe enough 
to c a u s e DAI. These data indicate tha t the occur rence of DAI as a result 
of a fall is not an uncommon event . 
In this series, 13 pat ients (59 .1%) had f rac ture of the skull 
(Table 1). In Adams et al 's s tudy (1989) , 5 7 % of the pat ients had skull 
f r ac tu re and in Sahuquillo-Barris et al 's series (1989) , the figure w a s 4 2 % . 
The results f rom the present s tudy are thus similar to the figures in those 
earlies s tudies . Out of the 13 c a s e s who had skull f rac tures , 7 c a se s had 
died within 2 4 hours and 4 others died in 3 days , 5 days , 7 days and 15 
d a y s respect ively. But on the other hand, the two longest surviving ca se s 
in this s tudy , survived for 6 months and 15 months also had associa ted 
skull f rac ture . 
Only 10 pat ients who had skull f rac ture had associa ted 
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intracranial h a e m a t o m a s , in t w o extradural h a e m a t o m a s and in 8 subdural 
h a e m a t o m a . There were 5 pat ients who had subdural h a e m a t o m a s without 
skull f r ac tu re . These results indicate tha t subdural haematoma can occur 
with or wi thout f rac ture of skull. Both pat ients w h o had extradural 
h a e m a t o m a , o n the other hand, almost a lways had f rac tures of the skull. 
Levi et a l ' s s tudy (1990) showed that older pat ients who 
sus ta ined DAI had a poorer o u t c o m e compared to younger pat ients . Table 
I of this s tudy s h o w s tha t s o m e old people (cases 1 ,2 ,6 and 11) w h o were 
a b o v e 65 years of age had fatal head injuries following falls only from their 
o w n heights . This indicates tha t a seemingly minor injury could be fatal in 
older people. This observat ion is compatible with Levi et a l ' s (1990) 
obse rva t ions . 
Table 2 s h o w s tha t 8 pat ients had hypotensive episodes . In 
all t h e s e pat ients , ICP w a s monitored and w a s found to be high. 
Hypotens ive a t t acks of ten cause hypoxic damage to the brain due to 
reduced blood supply to the brain. These pat ients probably had 
hypotens ive - hypoxic a t t acks secondary to raised ICP (Graham et al 
1987) . 
II ： GROSS PATHOLOGY OF DAI : -
In this series, most of the patients had lesions typical of DAI 
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as w e r e descr ibed by Adams et al (1989) . As s h o w n in Table 3, 7 pat ients 
had brain s t em haemor rhages located In the dorso-lateral quadrant of the 
brain s t e m . Ten pat ients had haemorrhagic lesions in the superior cerebellar 
pedunc les and 8 had them in the corpus callosum. 
Radiological diagnosis of DAI relies on the identification of 
haemorrhagic lesions in the brain s tem, cerebellar peduncles and corpus 
cal losum, t i s sue tear haemor rhages in the periventricular region and 
haemor rhage in the ventricles (Wilberger et al, 1990 ; Levi et al, 1990; 
Cordobes et al, 1986 ; Lee 1991) . As described in Chapter 2, somet imes 
t h e s e lesions are not large enough to be de tec ted radiologically. 
In this s tudy , s o m e gross lesions were found in si tes other 
than t h o s e mentioned by Adams et al (1989) . Five patients had 
haemorrhagic lesions in the fornix and t w o had them in the internal capsule 
and t w o had t hem in the globlus pallidus. Hence, a radiological diagnosis 
covering only the classical a reas would not have been sufficient for the 
identification of DAI in t he se ca se s . The radiologists should pay adequa te 
a t tent ion to the examination of t he se other regions of the brain too in order 
to identify focal lesions. 
Table 3 s h o w s that some of the lesions were microscopic only 
(corpus cal losum in 3 pat ients , brain s tem in 2 pat ients , and cerebellar 
pedunc les in one patient). Diagnosis of DAI by radiological me thods is not 
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possible in such c a s e s b e c a u s e t he se haemor rhages are too small. 
The co-exis tence of acu te subdural haema toma and DAI has 
been reported by many researchers . Adams et al (1982) reported tha t 11 % 
of t he c a s e s in their series had DAI coexisting with acu te subdural 
h a e m a t o m a . Sahuquillo-Barris et al (1988) reported of this occurring in 
1 9 % of his c a s e s . In the present series, an unexpectedly high 5 9 % (13 
pat ients) had such coexisting lesions (Table 2). This conf i rms the findings 
f rom previous s tudies tha t DAI can occur in associat ion with subdural 
h a e m a t o m a . 
Frequent associat ion of DAI and acu te subdural haematoma 
s u g g e s t s the possibility of the s ame mechanism being involved in the 
deve lopmen t of both types of lesions. In the exper iments conducted by 
A d a m s et al (1982) and Gennarelli (1979} on subhuman primates, it w a s 
found tha t t he animals developed both acu te subdural haematoma and DAI m 
w h e n their heads were subjected to acceleration force . This sugges ted a 
c lose relationship be tween the mechan i sms that caused DAI and subdural 
h a e m a t o m a . The p resence of t h e s e t w o types of lesions in 5 9 % of the 
c a s e s in the presen t series suppor t s this hypothesis , but fur ther s tudies are 
needed for its confirmation. This is an important area in the pathology of 
DAI which needs fur ther investigation. 
The duration of survival of the pat ients with subdural 
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h a e m a t o m a , in this s tudy, ranged from 2 hours to 15 months . However , 
out of 13 of such c a s e s s tudied, 7 had died within 2 4 hours . This s h o w s 
t h a t t he deve lopment of subdural haema toma carries poor prognosis and 
s u p p o r t s f indings of previous s tudies (Gennarelli et al, 1982 ; Gennarelli and 
Thibault , 1 9 8 2 a ; Mckissock et al, 1 9 6 0 and Levi et al, 1990) . Evacuation 
of t he h a e m a t o m a had been carried out on 6 pat ients , t w o of whom 
remained in vegeta t ive s t a te . 
Sahuquillo-Barris et al ( 1 9 8 8 ) s ta ted tha t the occur rence of 
subdural h a e m a t o m a in associat ion with DAI w a s only an ep iphenomenon 
which fur ther complicated the course of the patient. In a pat ients with 
subdural h a e m a t o m a the likelihood of having associa ted axonal injury 
should be cons idered . 
Gross findings from the pat ients without contus ions (cases 
2 , 7 , 9 , 2 1 , 2 2 ) sugges t ed tha t DAI could occur with or without contus ions 
of t he brain, which is cons is ten t with the findings of Gennarelli 's 
exper iments on s u b h u m a n primates (1982b, 1983) and with the findings 
of previous au topsy s tudies (Adams et al, 1982 , 1985a , 1989; Levi et al, 
1990;Sahuquil!o-Barris et al 1988 , 1989) . 
Although the contusion index, which is a measure of the 
severi ty of contus ions , w a s used in various s tudies (Sahuquillo-Barris et al, 
1 9 8 8 , 1989 ; Adams et al, 1989; Graham et al, 1992) , it w a s not correlated 
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with t he pa t ien t s ' o u t c o m e in t he se s tudies . Hence, it is not clear whe the r 
or not t he contus ion index correctly reflects the severity of injury. The 
con tus ion index is only a measure of the sur face injury to the brain and 
h e n c e it d o e s not measure the ex tent of injuries to the inner parts of the 
brain e .g . whi te mat ter . 
DAI, on the other hand, occurs mainly in the inner parts of the 
brain. In typical c a s e s of DAI, brain injury occurs in the a b s e n c e of 
con tus ions of the brain (Gennarelli et al 1982 ; Adams et al 1982 , 1985a , 
1 9 8 9 , Levi 1990 , Sahuquillo- Barris et al 1 9 8 8 , 1 9 8 9 ; Imajo et al 1984) . 
Hence , g ross examination of the brain is not sufficient in diagnosing DAI. 
It is n e c e s s a r y to examine the brain microscopically to de tec t axonal injury. 
In the presen t s tudy, the contusion index did not correlate well with 
t h e o u t c o m e . Out of 5 pat ients who did not have contus ions of the brain 
(C.I. = 0 ) , th ree survived for less than 10 hours and the others survived for 
2 days and 5 days respectively. The mean contusion index in this s tudy 
w a s only 6 .41 which is generally low compared to the figures obtained in 
previous s tudies on DAI (Sahuquillo-Barris et al, 1988 , 1989 and Graham 
et al, 1992) . The results of this series which cons is ts entirely of DAI c a s e s 
t h u s confirm tha t DAI occurs in pat ients with little or no contusion of the 
br3i 门. 
Of the 22 c a s e s in the present s tudy, intracerebral haematoma 
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w a s p resen t in 4 (15%) and gliding contus ions in 4 (15%). Although 
gliding con tus ions are normally though t to be assoc ia ted with DAI (Adams 
et al, 1986a ) , in this series it w a s not a common finding. The other lesion 
t ha t is known to be assoc ia ted commonly with DA! is basal ganglia 
haemor rhage (Lee 1991 ; Macpherson et al, 1986 ; Adams et al, 1986a) but 
none of t he pat ients in this series had this lesion. 
Intracranial pressure monitoring (ICP) w a s carried out on 8 
pa t ien ts , 5 of w h o m had ICP of over 4 0 mmHg (Table 2). Out of t hese 5 
pa t ients , 3 had died within 2 4 hours and three had intraventricular 
haemor rhage . In Michard et a l ' s s tudy (1992) , one of the conclusions w a s 
t ha t intraventricular haemorrhage did not influence the ICP. The present 
s t udy d o e s not yield any conclusive evidence for this associat ion, perhaps 
due to the low sample size. 
Necrosis of the parahippocampal gyri occurs due to raised ICP 
(Graham et a l ,1987) . In the present series of DAI cases , 4 pat ients had 
both o e d e m a and haemorrhage in the parahippocampal gyrus, one had only 
o e d e m a and 2 had only haemorrhage . In the pat ients w h o had both 
haemor rhage and oedema , the ICP w a s raised to above 3 0 mmHg. Three 
pa t ients w h o s e ICP w a s not monitored had both haemorrhage and oedema 
of the parahippocampal gyrus. According to Graham et al (1971 , 1978 , 
1987) , p ressure necrosis of the parahippocampal gyrus occur in all pat ients 
with ICP of over 4 0 mmHg, in most pat ients with ICP of 20 -40 mmHg and 
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in no pa t ients with ICP of less than 2 0 mmHg. Pathological lesions are 
nearly a lways found in pat ients with ICP above 4 0 mmHg. Two of the 
pa t ien ts in the p resen t series (cases 5,8) in fac t had raised ICP of 5 0 and 
6 0 mmHg respectively and had died within 2 4 hours but did not s h o w any 
d a m a g e to the parahippocampal gyrus . It is possible tha t there w a s 
insufficient t ime for raised ICP to cause d a m a g e to the parahippocampal 
gyrus in t h e s e t w o c a s e s . 
Ill : STAINING METHODS : -
In this s tudy, neurofi lament immunostaining and Glees and 
Marsland stain we re used for the axonal retraction ball count . 
Neurof i laments , an intermediate filament which is exclusive for neurones , 
is a reliable marker for axons . Luxol fas t blue and myelin basic protein 
immunostaining were used for the myelin globule count . Myelin basic 
protein is a membrane protein which is specific for myelin is a good marker 
for identification of myelin. In the past , silver s ta ins such as Palmgreri, 
Bodian or Glees and Marsland were used for the detect ion of axonal 
retraction balls. In Gultekin and Smith ' s s tudy (abstract , 1991) , 
immunostaining with ubiquitin w a s found to be more effect ive, compared 
to silver s tain, in the detect ion of axonal retraction balls but this s tudy has 
been carried out on a small number of c a s e s (6) only. In the present s tudy, 
t he axonal retraction balls stained well with anti-neurofilament stain. 
Neurofi lament is easier to perform in any laboratory than Glees and 
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Marsland silver stain. It is easier to s tandardised and reproduced. The 
axonal retract ion ball coun t w a s a lways found lower in Gless and Marsland 
stain ( P < 0 . 0 5 ) than in neurofi lament immunostaining, in all regions. 
Axonal disruption d a m a g e and the formation of definite retraction balls were 
clearly visible in the sec t ions stained with anti-neurofi lament proteins but 
w e r e riot well demons t ra t ed in t hose stained with Glees and Marsland. 
Grady et al (1993) noted similar axonal changes in head injury pat ients in 
t he sec t ions stained with 68 KD neurofi lament subunit . The authors 
interpreted this as reactive axonal changes which is not necessari ly caused 
by traumatically Induced tearing. Grady et al (1993} were able to identify 
t h e s e axonal c h a n g e s within 6 hours of injury • However , in the present 
s tudy the author w a s able to identify axonal balls in s o m e c a s e s who 
survived less than 6 hours post injury (e.g. c a se s 4 , 2 0 and 22). It is 
the re fo r clear tha t neurof i laments immunolabelling should be used for 
count ing axonal retraction balls. In the sec t ions stained with Glees and 
Marsland, the nuclei and copora amylacea were also s tained, making the 
interpretat ion difficult. The other d i sadvantage of silver stain is the 
incons is tency of the staining from laboratory to laboratory. 
Recently, Schwei tzer et al (1993) demons t ra ted tha t anti-ubiquitin 
ant ibody can be used as a marker for reactive axonal swelling in ca t s 
sub jec ted to closed head injuries. They also noted tha t ubiquitin positivity 
provides a marker for axnoal injury having advan tages similar those 
provided by anti-neurofi lament 68kD subunit . 
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IV : QUANTIFICATION OF MICROSCOPIC FINDINGS : -
On microscopic examination of the brain, haemorhages and 
o e d e m a w e r e identified in the sec t ions stained with hematoxylin and eosin. 
Axonal retraction balls which appeared as eosinophilic globules were 
identified on hematoxylin and eosin stain. These axonal balls were easily 
identifiable in the sec t ions stained with anti-neurofi lament and Glees and 
Marsland stain. Axonal balls occurred only in the white matter and were 
of differing sizes, s o m e a t tached to one end of axons . They occurred along 
t he fibre t r ac t s and s o m e of them appeared with empty cores . Only the 
axonal balls of over 3 0 micrometres in diameter were selected for count ing. 
Axonal balls we re bet ter seen in the sec t ions stained with anti-
neurof i lament than in the sec t ions stained with Glees and Marsland. 
In s o m e of the sec t ions stained with Luxol fas t blue and myelin 
basic protein, myelin globules were identified. They occurred in clusters or 
a s isolated globules of myelin and were positively stained with these two 
s ta ins . Myelin globles were seen occuring only in the white matter , along 
t he fibre t r ac t s and in s o m e pat ients who had died within a very short t ime. 
T h e s e globules were different from the myelin damage tha t w a s normally 
s een in long t rac t degenerat ion in pat ients who die months or years af ter 
injury (Strich, 1956) . This type of acute myelin damage has not been 
descr ibed in any previous s tudy. It is possible tha t the secondery myelin 
degenera t ion had occurred secondary to axonal disruption, similar to 
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demyelinat ion following axonal t ransect ion in peripheral nerves . 
Crooks (1991) sugges ted a method for quantifying axonal 
injury by count ing the axonal balls but did not follow up with original 
s tud ies . In the present s tudy, this authour w a s able to systematically 
quant i fy the axonal and myelin d a m a g e by counting the axonal balls and 
myelin globules. The axonal retraction ball count w a s found to be highest 
in the internal capsule , corpus callosum, white mat ter and superior 
cerebellar peduncle (Table 4). Axonal retraction balls were less commonly 
identified in the pons , fornix and mesencepha lon . Out of the 22 c a s e s 
examined , 14 c a s e s had axonal retraction balls in the corpus callosum and 
13 had t hem in the internal capsule . In most of the previous s tudies(Adams 
et al 1 9 8 2 , 1 9 8 5 a , 1989,1992:SahuquilIo-Barr is et al 1 9 8 8 , 1 9 8 9 : 
Blumbergs et al 1989) axonal retraction balls were found most frequently 
in the co rpus callosum, superior cerebellar peduncle and dorsolateral 
quadran t of t he rostral brain s tem, but in the previous s tudies only a limited 
a r ea s of the brain w a s examined and the severity of axonal damage w a s 
not quantified or compared . 
Findings of this s tudy did not s h o w a corelation be tween the 
durat ion of survival and the axonal ball count . Cases 11 and 12 w h o had 
high axonal coun t s survived for 13 days and 8 days but ca se 1 w h o also 
had high axonal ball count died within 2 4 hours. Cases 17 and 21 had mild 
degree axonal injury but they both died within 2 4 hours of injury.This area 
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of d i f fuse axonal injury needs fur ther investigation. 
The findings in the present s tudy sugges t tha t a high axonal 
retract ion ball coun t alone does not necessari ly determine the severity of 
t he o u t c o m e . Other assoc ia ted fac tors such as age , f rac ture of skull, low 
GCS, raised ICP, brain s t em haemor rhages and the p resence of focal lesions 
such as intracranial h a e m a t o m a s play contributing roles in determining the 
o u t c o m e of the patient . The axonal retraction ball count , however , is a 
good indicator of the severity of axonal damage . Quantifying axonal 
d a m a g e enables us compare axonal d a m a g e in different a reas . Although 
this s tudy w a s carried out only on 22 cases , it showed which a reas were 
most ly a f f ec t ed in DAL This finding may be useful in fu ture s tudies , in the 
select ion of a reas to be sampled. 
V : REGIONS AFFECTED IN THE BRAIN IN DAI : -
Tables 3 and 6 s h o w regions of the brain a f fec ted by DAI. 
Corpus cal losum w a s the area most f requent ly a f fec ted . Out of 10 c a s e s 
w h o had haemorrhagic lesions In the corpus callosum, 7 had macroscopic 
lesions and 3 had microscopic lesions. Seventy t w o percent of the sec t ions 
s ta ined with anti-neurofi lament proteins showed the p resence of axonal 
retraction balls. Eight pat ients had haemorrhagic lesions in the cerebellar 
pedunc les and 4 5 % of the sec t ions showed axonal retraction balls 
positively stained with anti-neurofilament stain. In the brain s tem, 7 
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pa t i en t s had haemorrhag ic lesions and 41 % of the samples had axonal 
balls. 
In the co rpus cal losum, in the superior cerebellar pedunc les 
and in t h e brain s t em , both haemorrhag ic lesions and axonal retraction balls 
occur red but in t he interna丨 capsu le , a l though 5 9 % of the sec t ions s h o w e d 
axonal balls, haemorrhag ic lesion were seen in only 2 c a s e s . The lesions 
in t h e g lobus pallidus w e r e similar to t h o s e occurred in the internal capsule . 
In t he fornix, both haemorrhagic lesions and axonal balls 
occu r r ed . Results s h o w n in Tables 3 and 6 s u g g e s t t ha t the corpus 
ca l losum, t he superior cerebellar pedunc les , the brain s t em and the fornix 
are t h e mos t probable s i tes for haemorrhagic lesions and axonal balls to 
occu r . The a b u n d a n c e of axonal d a m a g e in the internal capsule , in the 
g lobus pallidus and in the whi te mat ter of the brain, s trongly s u g g e s t s tha t 
t h e s e a r ea s should a lways be sampled in fu tu re invest igat ions of 
microscopic axonal injury, 
The a reas mostly a f f ec t ed by myelin d a m a g e are the internal 
c apsu l e (30%) , the co rpus cal losum (30%) and the mesencepha lon (32%). 
The a r e a s w h e r e myelin d a m a g e occurred cor respond to the a reas whe re 
axonal injury occur red . 
On microscopic examinat ion, 3 c a s e s we re found to have 
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axona l injury conf ined to very small a reas of the brain, one in the brain 
s t e m , o n e in t he superior cerebellar peduncle and the o ther in the internal 
c a p s u l e . This s u g g e s t s t ha t DAI could occur wi thout any axonal injury in 
t h e c o r p u s cal losum or in the superior cerebellar peduncle and tha t axonal 
d a m a g e can be conf ined to only a small area of the brain. Diagnosis of 
t h e s e c a s e s could not have been possible wi thout microscopic examinat ion 
of t h e s e a r ea s . Thus for a comprehens ive diagnosis , microscopic 
examina t ion with thorough sampling is essent ia l . 
Out of t h e 2 2 c a s e s , 11 (50%) had lesions in the fornix, in 5 
c a s e s microscopic lesions. Fornix has not bee门 ment ioned in any previous 
s tud ie s a s a门 area w h e r e DAI lesions are found . 
In previous s tud ies (Adams et al, 1 9 8 9 ; Blumbergs et al, 1989 ; 
Sahuquillo-Barris et al, 1 9 8 8 , 1989) for the detec t ion of DAI lesions, 
sampl ings w e r e most ly t aken f rom the co rpus cal losum, the superior 
cerebel lar pedunc les , t he brain s t em and the whi te mat ter but even t h e s e 
w e r e not t aken cons is ten t ly in all c a s e s . All the previous s tudies were 
carried ou t re t rospect ively . There w a s no clinco-pathological correlation 
and t he re w a s no s tandardizat ion of the blocks taken or the s ta ins used . 
They c o m p a r e d neither t he eff iciency of the s ta ins used nor t h e ex ten t of 
axonal d a m a g e in various regions of the brain. Although researchers 
ment ioned the occu r r ence of s o m e axonal d a m a g e in the internal capsule , 
t h e y did not s u g g e s t it to be a c o m m o n site for the occur rence of t h e s e 
1 1 4 
lesions (Adams et a丨 1982 , 1989 ; Sahuquillo-Barris 1988 , 1989) . However , 
in the p resen t s tudy , 13 pat ients (59%) were found to have DAI lesions in 
t he interna! capsule and 9 pat ients (41 %) were found to have DAI lesions 
in t he globus pallidus (Table 5). These numbers are very significant since 
t hey are quite high in compar ison to the numbers of pat ients w h o had DAI 
lesion in the corpus callosum (14), in the superior cerebellar peduncle (11) 
and in the whi te mat ter (11). Results of the s tudy indicate tha t the internal 
capsu le and the globus pallidus are the other areas where lesions could be 
expec t ed and hence are important si tes to be represented in the sampling 
of t h e brain, in addition to the usual s i tes such as corpus callosum, superior 
cerebellar peduncle , brain s t em and parasaggital white mat ter . 
When the c a s e s in this s tudy were classified in accordance 
with A d a m ' s grading sys t em (page 36), there were 14 with Grade I lesions, 
1 with Grade II lesions and 6 with Grade 111 lesions. One w a s a long 
s tanding c a s e and it could not be classified. Case 10 had haemorrhagic 
lesion in the superior cerebellar peduncle but there w a s no haemorrhagic 
lesion in the co rpus callosum. Adams ' grading sys tem implies a certain 
progress ion of even t s which is largely unproven. It ignores lesions in other 
regions of the brain and gives prominence to lesions in the corpus callosum. 
A d a m s et al used this grading sys tem in their 1 9 9 2 s tudy but in tha t s tudy 
the accorded gradings did neither reflect the duration of survival nor concur 
, with o ther clinical or radiological findings. 
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Another inadequacy of this grading sys t em is tha t the injury 
is graded according to the area of spread rather than the severity of axonal 
d a m a g e . Many pat ients in the presen t s tudy who only had Grade I DAI 
lesions had died within 2 4 hours, s o m e even within 6 hours . On the other 
hand , 3 pat ients w h o had Grade 丨丨丨 lesions (cases 9 , 1 2 and 19) had 
survived 5 days , 8 days and 7 days respectively. 
The p resence of skull f rac ture , subdural haema toma , raised 
ICP, brain s t em haemorrhages , advanced age and low GCS are the 
es tabl ished fac to r s tha t are associa ted with poor ou tcome of head injury 
pa t ients (Sahuquillo-Barris et al, 1988 ; 1989 ; Graham et al, 1987 ; Levi et 
al, 1 9 9 0 ; Tomlinson, 1970) . However , in Adams ' grading sys t em, other 
a s soc ia ted lesions like subdural haema toma , raised ICP, brain s tem 
h a e m o r r h a g e s and gliding contus ions are not taken into accoun t . The 
resul ts of the present s tudy indicate the associa ted intracranial lesions to 
have played an important role in the ou tcome of the pat ients . The 
relationship b e t w e e n the grading sys t em and the final ou tcome in the 
p r e s e n c e of other lesions w a s not clear in the s tudies carried out in the 
pas t . An ideal grading sys t em, this author believes, should take into 
a c c o u n t the assoc ia ted lesions in addition to the DAI lesions. 
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VI : CASE STUDIES : -
In this s tudy, a f e w interesting c a s e s were encounte red . 
In c a s e 2, the deve lopment of subdural and intracerebral 
haemor rhage had caused rapid deterioration of this pa t ien t ' s condition 
a l though she had only Grade 丨 DAI lesions. This s h o w s the importance of 
taking other focal intracranial lesions into considerat ion, in the a s s e s s m e n t 
of t he severi ty of DAI, It is difficult to separa te such lesions from DAI 
lesions b e c a u s e of their f r equen t co-exis tence . 
Case 15 who had a f rac ture of skull but did not experience a 
lucid interval. He had mild contus ions of the brain (CJ. = 4 ) but had 
subdura l h a e m a t o m a , intraventricular haemorrhage and haemorrhagic foci 
in the co rpus callosum which are compatible with DAI lesions. Actual 
axonal balls were found only in the corpus callosum but there w a s marked 
axonal disruption in the parasaggital white matter and in the superior 
cerebellar peduncle . 
Case 2 0 survived only for 3 hours following a fall had little 
s u r f a c e con tus ions of the brain (C.I. 二 5) . Axonal balls were confined to the 
co rpus cal losum but widespread axonal disruption w a s found in the brain 
s t em and in the parasaggital white matter . 
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Case 21 had classic microscopic DA! lesions in the brain s t em 
arid in t he co rpus cal losum but had an actual axonal ball coun t of less than 
5/HPF. This pat ient also had marked axonal disruption th roughout the 
brain. 
Findings f rom c a s e s 1 5 , 2 0 and 21 s u g g e s t tha t axonal d a m a g e 
can be conf ined to a small area of the brain but widespread axonal 
disruption can occur in DAI. in axonal disruption, the axons are swollen 
and beaded but no axonal balls are formed. They could easily be identified 
in t h e sec t ions s ta ined with ant卜neurofilament stain but not with Glees and 
Marsland stain. In the pas t , only silver s ta ins were used for the 
identification of axonal balls. 
Maxwell et al (1992) reported tha t 2 kinds of axonal damage 
occur red in DAI in experimental animals. In one type , axons were 
physically torn apar t and the axolemma w a s separa ted be tween the node 
and t he pa ranode . In the other type d a m a g e to the axolemma leds to the 
format ion of classic axonal retraction balls af ter 2 4 - 4 8 hours . Detection of 
axonal disruption by staining sec t ions with sensit ive neurofi lament 
immunosta ining s u g g e s t s tha t the d a m a g e to the DAI is not confined to the 
format ion of axonal retraction balls. However , this area of the pathology 
of DAI is ye t to be fully explored. 
Case 22 had no skull f racture , contusion of the brain or 
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intracranial mass lesions. Microscopic examination revealed oedema of the 
brain and of the brain stem and severe axonal injury. Axonal retraction 
balls were present throughout the brain. This was a classic case of DAI in 
which microscopic diffuse axonal injury had been severe enough to cause 
rapid death. A patient dying of severe axonal injury within such a short 
time has not been reported previously. 
VII: PROBLEMS ENCOUNTERED IN THIS STUDY: -
Although a detailed study of OAI was conducted by taking 
detailed histories, comprehensive sampling of the brain and counting axonal 
retraction balls, the limitation of the number of cases studied (22) hinders 
one from making observations about the association of OAI and focal 
lesions. The cases studied in thiss study are all fatal cases who represent 
only the severe end of the spectrum of OAI. A comphrensive study of DAI 
can only be carried out by studying adequate number of short and long 
term survivors. It is obviously not possible to do a histological study on 
less severe and non-fatal cases of OAI, by this method. 
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Chapter 7 
CONCLUSIONS 
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Axonal retraction balls were bet ter identified using neurofi lament 
immunosta in ing. It is more sensit ive, easier to be performed and easier to 
be s tandar ized than Glees and Marsland stain. This s tudy showed tha t 
neurof i laments immunostaining w a s far superior to Glees and Marsland or 
convent ional silver s ta ins in the detect ion of axonal damage . There w a s 
not much d i f ference in sensitivity be tween Luxol fas t blue and myelin basic 
protein immunostaining, in the detect ion of myelin damage . 
The s tudy confirmed findings in earlier s tudies tha t axonal balls 
occurred commonly in the corpus callosum, in the superior cerebellar 
peduncle and in the white matter of the brain. It also showed their 
o c c u r e n c e in the internal capsule and in the globus pallidus, a reas which 
w e r e not considered to be important si tes for detect ing axonal injury during 
previous s tudies . This s tudy also showed that DAI lesions could occur, 
conf ined to a small area of the brain. This showed clearly the need for 
a d e q u a t e sampling of the brain in the diagnosis of DAI, especially f rom the 
internal capsule , corpus callosum, superior cerebellar peduncles , globus 
pallidas, upper half of the brain s t em and parasaggital white matter . 
This s tudy also re-affirmed the findings of previous s tudies tha t 
s eve re DAI alone could bring about very rapid death even in the absence of 
focal macroscop ic lesions in the brain. This is an important finding, 
especially useful for forensic pathologists . 
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In previous s tudies , myelin loss and degenerat ion were though t 
to occur only in long s tanding ca se s . In this s tudy, however , it w a s found 
in an a c u t e form in a wide range of ca ses , especially where death occured 
within a shor t t ime. This s tudy showed for the first t ime tha t myelin 
d a m a g e occurred diffusely in DAI, indicating its use fu lness as a means of 
a s se s s ing the pathology of DAI. 
The result also showed tha t , acu te myelin degenerat ion, is 
cons i s t en t with Wallerian degenerat ion following axonal disruption (i.e. 
whi te mat te r axonal disruption in the pa thogenet ic mechanism of d i f fuse 
axonal injury), 
The results of this s tudy sugges t tha t the spec t rum of DAI is 
so wide tha t it may not be possible to define it by the simple grading 
s y s t e m introduced by Adams . Some DAI ca se s had overlapping fea tures 
with other intracranial lesions such as intracerebral haemorrhage or raised 
intracranial p ressure . 
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